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 DEVELOPMENT AND INVESTIGATION OF GRAPHITIC 
NANOFIBERS 
5.1 Introduction 
In this chapter, graphitic nanofibres (GNFs) were developed using thermal chemical 
vapor deposition (CVD) method. There are several advantages of using thermal 
CVD instead of FC-CVD such as only one stage of furnace is required and no 
catalyst particle would escape through the exit of the tube reactor. In addition, all 
GNF products would be formed in the ceramic boat, the same place where the 
catalyst would be placed in. Moreover, unlike CNTs that used commercial catalyst, 
the catalyst for GNF development would be synthesized in the lab.  
The initial experimental set up was initially done at University of Nottingham, 
UK as part of collaboration study between the university and Universiti Teknologi 
PETRONAS (UTP). Subsequently, the improvement of the experiment and the 
modification of the experimental set up were done at UTP. The development of 
GNFs was optimized using Taguchi method for the design of the experiment 
approach.  
Catalysts of iron and nickel oxides were synthesized prior to the synthesis of 
GNFs. The developments of both catalysts were optimized by following the design 
of the experiment using Taguchi method. These developed catalysts were then 
characterized by x-ray diffractometer (XRD) for crystallographic study as well as 
Raman spectroscopy for the study on the spectroscopic in the catalysts. The study of 
the catalyst shape is essential since the shape and the nature of the catalyst particle 
and its precipitating faces would determine the alignment and the crystalline 
perfection of the carbon structure.  
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Thus, the surface and the morphology of the catalysts are studied using transmission 
electron microscope (TEM) and variable pressure scaning electron microscope 
(VPSEM). 
The developed GNFs were then characterized by TEM, and field emission 
scaning electron microscope (FESEM) for surface and morphology study in 
additional to XRD for crystallographic study. Furthermore, Raman spectroscopy was 
applied for spectroscopic study to determine the degree of graphitization and the 
relative value of amorphous carbon to graphite carbon determination. Surface area 
analyzer and pyncnometer were utilized to determine the BET specific surface area 
and the real density of the developed GNFs, respectively. 
For comparison studies, carbon nanotubes (CNTs) were synthesized using 
floating catalyst CVD and the developed materials were characterized using the 
mentioned analytical techniques. 
5.2 Catalyst study 
GNFs are synthesized using developed catalyst that are iron (II) oxide (Fe2O3) and 
nickel oxide (NiO). These two catalysts were synthesized using precipitation method 
as decribed in Chapter 4. From the observation it was found that a mixing of iron 
(III) nitrate with ammonia had led to a dark brown precipitate that is iron hydroxide. 
The precipitate was collected through filtration and was calcined at three different 
temperatures to convert the precursor to Fe2O3. After calcination the precipitate 
turned to dark silver porous solid. However, once the catalyst was ground, the 
powder turned into dark red color due to oxidation corresponding to Fe2O3. 
For Ni metal, the bright green aqueous solution of nickel (II) nitrate was 
converted to the nickel (II) hydroxide (Ni(OH)2) after mixing with ammonia 
solution. The bright green aqueous solution of Ni(OH)2 was then heated at 250°C. 
As a result, a cloudy, pale green suspension was formed. The heating was continued 
until the suspension became a thick green paste. To obtain NiO, the precursor was 
calcined until the paste turned into grey porous solid which corresponds to NiO. 
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5.2.1 XRD analysis 
XRD analysis was done to confirm the formation of the catalysts at specific 
conditions. From Figure 5.1 it can be seen that at calcination temperature of 300°C 
and 2 hour period, the Fe2O3 catalyst has yet to be developed since the diffraction 
peaks of Fe2O3 are broad and some are not significant. But when at 4 and 6 hours of 
calcination, Fe2O3 catalysts have been fully developed since the calcination time is 
longer than before.  
 
Figure 5.1     XRD patterns of Fe2O3 at calcination temperature of 300°C 
At calcination temperature of 400°C (refer to Figure 5.2), all catalysts exhibit 
significant peaks of Fe2O3 especially the catalysts that are calcined for 4 and 6 hours. 
In Figure 5.3, all catalysts that are calcined at 500°C show sharp intense peaks even 
though at 2 hours of calcination. This shows that calcination at 500°C is the most 
efficient temperature at a minimum duration of calcination. However, higher 
temperature might result in greater crystal size due to sintering process. This issue 
will be discussed in the following section. 
2 hours,  
3 g salt 
4 hours, 
5 g salt 
6 hours, 
7 g salt 

















































Figure 5.2      XRD patterns of Fe2O3 at calcination temperature of 400°C 
 
Figure 5.3     XRD patterns of Fe2O3 at calcination temperature of 500°C 
The XRD pattern of Fe2O3 indicated that a pure face phase of hexagonal (Rh) 
Fe2O3 (JCPDS 13-0534) was obtained. Several peaks are detected, which 
corresponds to the crystallographic planes as indicated in Figure 5.4. These are in 
good agreement with the literature findings by (Raming et al., 2002). The Fe2O3 that 
is hematite or α-Fe2O3 shows a phase of hexagonal (Rh) with space group of 
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Primitive R-3c. The lattice parameters are a=b=5.031 Å, c=13.737 Å, α=β=90° and 
γ=120°. 
 
Figure 5.4     Miller indices of α-Fe2O3 correspond to the diffraction peaks. 
Based on Figures 5.5 to 5.7, unlike Fe2O3, all NiO catalysts exhibit sharp 
defined diffraction peaks at all calcination temperature of 300, 400 and 500°C for   
2, 4 and 6 hours. In addition, it is observed that the higher the temperature, the 
stronger the intensity of the diffraction peaks which indicates higher crystallization 
of the particles. 
 
Figure 5.5     XRD patterns of NiO at calcination temperature of 300°C 
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Figure 5.6     XRD patterns of NiO at calcination temperature of 400°C 
 
Figure 5.7     XRD patterns of NiO at calcination temperature of 500°C 
By referring to Figure 5.8, the peaks illustrate a phase of face-centered-cubic 
(fcc) NiO (JCPDS 78-0643). All figures show five clearly distinguishable diffraction 
peaks, which were assigned to crystallographic planes (1 1 1), (2 0 0), (2 2 0),         
(3 1 1) and (2 2 2). These are in good agreement with the literatures findings by    
(Ni et al., 2006; Souza et al., 2007). NiO precursor revealed sharp, narrow and 
strong intensity peaks, indicating well fabricated crystals formation. As a result, NiO 
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was exactly indexed to the cubic structure (space group Fm-3m with 
a=b=c=4.1768, α=β=γ=90°).  
No other significant peaks, corresponding to any impurities were observed other 
than that of Fe2O3 and NiO, indicating the presence of pure Fe2O3 and NiO. Hence, 
the developed catalysts are sufficient to be used as the catalyst of for the synthesis of 
GNFs. However, the size of the crystal particles is essential as it determines the size 
of the developed GNFs later. Thus, the control of the diameter of the catalyst is 
crucial to obtain the desired GNFs. 
 
Figure 5.8     Miller indices of α-Fe2O3 correspond to the diffraction peaks. 
5.2.2 Catalyst crystal size determination 
The particle size of the catalyst in different crystallographic direction {hkl} was 
determined using Scherrer formula (Suryanarayana et al., 1998) of crystallite size: 
                          (5.1) 
 
where Dsize is the crystallite size measured in a direction perpendicular to the surface 
of the sample.  K is the shape coefficient for reciprocal lattice point, varies from 0.89 










































equal to 0.9 i.e. the crystal structure was approximated to a spherical shape. β1/2 is 
full-width of half-maximum of the peak.  









Fe2O3 crystal NiO crystal 
Sample Size (nm) Sample Size (nm) 
1 300 2 3 1Fe 23.38 ± 4.21 1Ni 21.05 ± 1.83 
2 300 4 5 2Fe 17.34 ± 0.30 2Ni 19.70 ± 2.01 
3 300 6 7 3Fe 16.28 ±1.96 3Ni 23.25 ± 0.58 
4 400 2 5 4Fe 24.36 ± 147 4Ni 25.37 ± 1.61 
5 400 4 7 5Fe 22.97 ± 1.12 5Ni 25.38 ± 0.54 
6 400 6 3 6Fe 21.92 ± 1.97 6Ni 25.22 ± 4.79 
7 500 2 7 7Fe 24.82 ± 1.88 7Ni 24.47 ± 1.62 
8 500 4 3 8Fe 27.10 ± 1.15 8Ni 22.55 ± 1.32 
9 500 6 5 9Fe 28.43 ± 0.39 9Ni 27.95 ± 0.79 
Based on the results, it was also found that average particle sizes for Fe2O3 
precursor were between 16.28 to 28.4 nm (as in Table 5.1). This range of particle 
size is smaller than that given in literatures (Raming et al., 2002; Zhao et al., 2007) 
where the catalyst were synthesized using hydrolysis and electron beam irradiation 
methods, respectively. However, the results are greater than other reported by 
(Janzen et al., 1999) where they obtained catalyst particles from low-pressure 
H2/O2/Ar flame doped with ironpentacarbonyl (Fe(CO)5). Similarly, for NiO 
catalyst, the average particle size estimated was between 19.7 to 27.95 nm, which is 
less than the values reported by (Zheng et al., 2007) who used molten-salt synthesis 
but greater than that reported by (Li et al., 2007)   
The result of SNR smaller-is-better can be plotted based on the three parameters 
used to develop the catalyst as in Figure 5.9. For both Fe2O3 and NiO catalysts, 
temperature is the most influential parameter that give effect to the size of the 
catalysts as compared with the other two parameters that are time of calcination and 
the amount of the salt precursor. The higher the temperature of calcination, the 
greater the particle size.  The reason could be attributed to the fact that at higher 
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temperature the greater the tendency of catalyst to undergo sintering in which the 
catalysts surface area was decreased due to the crystal growth as exhibited in XRD 
analysis.  Moreover, at constant temperature, the longer the duration of calcination 
the greater is the particle size. This is owing to the fact that the longer the time of 
exposure to the heat could cause the metal atoms to develop stronger cohesive 
forces, which would assemble them, leading to the formation of clusters. 
 
Figure 5.9     The effect of (a)temperature, (b)time and (c)salt weight on catalyst size 
From the literature, GNF (or also known as carbon nanofibers or CNFs) can be 
produced at a maximum yield for a catalyst size range between 20-60 nm (Ermakova 
et al., 2000). for nickel catalyst. Other researcher claims that the optimal size of Ni 
catalyst for CNF growth is 34 nm since too small Ni catalyst lowers the driving 
force for the carbon diffusion through the Ni crystal, leading to a fast deactivation 
and low CNF yield (Chen et al., 2005). On the other hand, if the catalyst is too large, 
the particle size yields a slow decomposition on the surface due to low surface area. 
Nevertheless, the size of the catslyst particle does not always reflect the size of the 
CNF since during the thermal deposition, the catalyst particle might undergo 
reconstruction, sintering and fragmentation (Chen et al., 2005). 
Based on Table 5.1, by considering the optimum size of the catalyst in a range of 
20-60 nm (or 200-600 Å), for Fe2O3, the acceptable conditions or parameter for the 
catalyst development is from L9=4 to L9=9 (samples 4R to 9R) where the crystal size 
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is more than 20 nm. As for L9=1, even though the crystal size is more than 20 nm 
but based from the XRD result (Figure 5.2), the formation of Fe2O3 has yet to be 
further developed. As for NiO, all conditions are acceptable since all average crystal 
size exceed 20 nm. The next step is to look upon the reaction yield to obtain the 
optimum conditions to produce the catalysts 
5.2.3 Raman spectra analysis 
Raman spectroscopy was done to identify the molecular structure of the produced 
catalysts. It uses single frequency of radiation to irradiate the catalyst sample. The 
vibrational unit of energy from the incident beam would be detected and recorded 
(Smith et al., 2005). The results are displayed as a plot of Raman scattering intensity 
versus the wave number or Raman shift. 
Figure 5.10 reveals the raman spectra of Fe2O3 catalyst. It shows the presence of 
hematite characteristics band in the region of 200 to 700 cm-1. There are six Raman 
peaks at 226, 245, 279, 380, 400, 490 and 600 cm-1. The peaks are in agreement with 
literature values (Coupry, 2000; Dumitrache et al., 2005; Legodi et al., 2007; Oh et 
al., 2004). The peak positions obtained are compared with the literature values 
(Hung et al., 2008; Legodi et al., 2007; Oh et al., 2004) were found to have lower 
wave number. This is because the catalyst produced has higher degree of disorder 
due to smaller particle size and different specific area. The peaks observed at 226cm-
1 until 380cm-1 belong to the Fe-O vibrational group. Peak identified at 490cm-1 is 
due to the vibration energy of Fe-O-Fe bonding and the peak at 600cm-1 is due to the 
Fe=O vibrational group (Hung et al., 2008; Smith et al., 2005). There is no peak of 
nitrates vibration group is observed (Smith et al., 2005) indicating that all the 
nitrates from the salt precursor have been removed during calcinations. The inset 
picture in Figure 5.11 shows the possible molecular arrangement of the Fe2O3 
catalyst which has the octahedral structure (Zheng et al., 2006). This molecular 





Figure 5.10     Raman spectra of Fe2O3 and the inset picure shows the molecular 
arrangement 
In Figure 5.11, there are five Raman peaks at 380, 500, 700, 880 and 1090 cm-1, 
respectively that had been detected for NiO. This result agrees with (Yisup et al., 
2005), which reported that for pure NiO, there was one strong broad band at ∼1080 
cm-1 as well as three bands at 688, 528 and 350 cm-1. The peak at 1090 cm-1 belongs 
to the Ni=O vibrational group while the other broad peaks belong to the Ni-O 
vibrational group (Zeng et al., 2003). The peaks at 380 and 500 can be assigned to 
first order TO (transverse optical) and LO (longitudinal optical) phonon modes of 
NiO whereas the peaks at 700, 880 and 1090 cm-1 could be assigned as combination 
of 2TO and 2LO (Xu et al., 2003). The possible molecular arrangement of NiO 
catalyst is assumed as shown in the inset picture in Figure 5.10 where the molecules 
have the double bond bonding between nickel and oxygen. No other Raman spectra 
peak such as one of nitrate is shown indicates that all the nitrates have been 
removed.  



















Figure 5.11     Raman spectra of NiO and the inset picure shows the molecular 
arrangement 
5.2.4 TEM morphology 
The morphology of both catalyst particles are observed using transmission 
electron microscope (TEM) that is Phillips TEM 400 at accelerating voltage of 100 
kV. From Figure 5.12 (a) and (b), as expected it can be seen that Fe2O3 particles at 
low temperature is smaller than that at high temperature. This is due to sintering 
process at higher temperature that results in particles agglomeration. Both images 
show a large number of uniform particles in hexagonal shape that are well dispersed 
in the bulk material. However, most of the iron particles are loosely aggregated to 
form larger particles which lead to average particle size more than 100 nm. Similar 
observation was found for NiO in Figure 5.13 (a) and (b). Although each particle is 
well dispersed and can be seen as an individual one, but they are still intact with 
each other and formed weak agglomeration. Therefore it is complex to determine 
exactly the particle size.   
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Figure 5.12     TEM images with magnification of 100,000X show a significant 
change of Fe2O3 particles size that calcined at (a) low; and (b) high temperatures. 
 
Figure 5.13     TEM images with magnification of 165,000X show a significant 
change of NiO particles size that calcined at (a) low; and (b) high temperatures 
5.2.5 Reaction yield of the catalyst 
The reaction yield of the developed catalyst was calculated based on the number of 
mol of the catalyst metal using the following formula: 
Catalyst yield = %100
reactant limiting of mol
product of mol ×             (5.1) 
Table 5.2 shows the average yield of the developed catalysts that is between 70.2 to 





96.5 mol% but the formation of Fe2O3 is not fully developed as been identified by 
XRD earlier (refer to Figure 5.1). Hence, it could not be taken as the optimum 
condition. The second highest yield is at L9=3 with average yield of 94.6 mol%, but 
since the crystal size of the catalyst is less than 20 nm (to develop GNF the size 
should be greater than 20 nm), the result should not be taken into account. The third 
highest yield of 92.0 mol% is at  L9=4 that is at minimum temperature of 400°C and 
maximum reaction time of 2 hour as well as maximum salt weight of 5 g. However, 
based on the XRD results in Figure 5.2, not all peaks of Fe2O3 is fully defined where 
several small peaks are not distinguished. Thus, it should not be taken as the 
optimum yield. The next highest yield is at L9=5 that is at temperature of 400°C, 
reaction time of 4 hour and salt weight of 7 g. This can be taken as the optimum 
Fe2O3 catalyst conditions since the crystal size is more than 20 nm and the 
diffraction peaks are highly distinguished. 











300 2 3 1Fe 96.5 ± 2.3 1Ni 83.7 ± 0.4 
300 4 5 2Fe 87.9 ± 3.1 2Ni 72.8 ± 8.3 
300 6 7 3Fe 94.6 ± 0.9 3Ni 86.9 ± 0.8 
400 2 5 4Fe 92.0 ± 0.2 4Ni 75.7 ± 4.0 
400 4 7 5Fe 90.4 ± 5.2 5Ni 92.1 ± 0.6 
400 6 3 6Fe 88.6 ± 6.0 6Ni 75.0 ± 2.9 
500 2 7 7Fe 70.2 ± 10.4 7Ni 85.2 ± 0.5 
500 4 3 8Fe 86.7 ± 3.3 8Ni 80.1 ± 1.4 
500 6 5 9Fe 77.9 ± 5.6 9Ni 80.2 ± 2.3 
The determination of NiO is clear cut since all conditions exhibit highly defined 
NiO diffraction peak with all crystal size more than 20 nm. Thus, from Table 5.2, 
the maximum yield of NiO is observed at 92.1 mol% that is at L9=5. Hence, it can be 
concluded that conditions at L9=5 provide the highest reaction yield for both 
catalysts with temperature of 400°C, reaction time of 4 hour and salt weight of 7 g. 
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Based on the Taguchi method adapted, the effect of the parameters used on the 
reaction yield for Fe2O3 and NiO catalysts can be study SNR larger-is-better analysis 
as presented in Figure 5.14. Here, Figure 5.14(a) represents calcination temperature 
as the parameter that affects the yield while Figure 5.14(b) and (c) represents 
calcination time and amount of salt precursor used as the parameters, respectively. 
The effect of temperature on the reaction yield for Fe2O3 shows that as the 
temperature increases, the reaction yield decreases. This is because at 300°C, Fe2O3 
is not fully developed. But as the temperature increases, more iron hydroxide 
precipitates are calcined. Unlike Fe2O3, the calcination temperature does not affect 
the reaction yield of NiO so much.  
 
 
Figure 5.14     The effect of temperature, time and salt weight on the reaction yield 
Based from Figure 5.14(b), both catalysts show almost the same trend of curve 
with no significant effect of the calcination time on the reaction yield. The change of 
reaction yield along calcination time of 2 to 6 hours is small. The formation of both 
catalyst are achieved at 4 hours and later at 6 hour the yield decreases due to 
sintering process. As predicted, the higher the amount of salt used in the reaction, 
the higher yield could be produced. This can be observed in the synthesis of NiO. 
However, for Fe2O3, the reaction yield decreases as the amount of the salt increases. 
This could probably due to the loss of iron during filtration process.  
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5.3 Heterogeneous process in GNF 
The reaction in catalytic chemical vapor deposition (CCVD) method is known as a 
heterogeneous process since there are two states involve which include the solid 
(catalyst that is Fe2O3) and vapour (carbon feedstock that is C2H4). The reaction is 
chemically defined as catalysis-enhanced thermal cracking are represented in the 
following equation: 
C2H4 + H2 ⎯→⎯Fe 2C + 3H2               (5.2) 
Here, Fe2O3 catalyst is reduced to iron carbide (Fe3C) and later to iron (Fe) in the 
following reactions: 
3C2H4 + H2 + 3 Fe2O3 → 6H2 + H2O + 4CO2 + 2Fe3C           (5.3) 
C2H4 + H2 + Fe3C → 3H2 + 3C + 3Fe             (5.4) 
As for carbon (C), there are three possible structural carbons that could be formed 
such as amorphous carbon layers, filaments of amorphous carbon and graphite 
layers covering metal particles such as GNFs. Similar reactions occur for NiO 
catalyst where the reaction undergoes catalysis-enhanced thermal cracking that is: 
C2H4 + H2 ⎯→⎯Ni 2C + 3H2               (5.5) 
Here, NiO catalyst is reduced to nickel carbide (Ni3C) and later to nickel (Ni) in the 
following reactions: 
2C2H4 + H2 + 6NiO → 3H2 + 2H2O + 2CO2 + 2Ni3C            (5.6) 
C2H4 + H2 + Ni3C → 3H2 + 3C + 3Ni             (5.7) 
5.4 Preliminary of experimental set up 
As mentioned in Chapter 4, the development of graphitic nanofibers (GNF) is 
divided into two parts: preliminary and modified experiments. The first part was 
done at University of Nottingham, UK as part of the collaboration work. 
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5.4.1 Reaction yield from the preliminary experiment 
The GNF reaction yield for each sample was calculated based on the mass product 
(mass produced in an hour since the reaction time parameter was varied) divided by 
the mass of the limiting reactant that in this case is catalyst. The unit is in g/(gcat·hr) 
and the formula for the reaction yield is as follow (Bououdina et al., 2005; 
Ermakova et al., 2000; Lim et al., 2004; Pham-Huu et al., 2006): 
Reaction yield = 
usedcatalyst  of massimereaction t
product of mass
×                  (5.8) 
Alternatively, the reaction yield can be calculated based on the actual GNF produced 
divided by mass of the catalyst (gC/gcat) that is (Pham-Huu et al., 2006): 
Reaction yield = 
usedcatalyst  of mass
catalyst of mass -product  of mass             (5.9) 
Since all reaction yields were normalized for the same reaction time, the yield 
calculation was performed uisng Equation (5.8). The GNF reaction yield results 
from preliminary equipment is discussed based on the analysis of SNR larger-is-
better in Taguchi method and analysis of variance (ANOVA) approach. As for SNR 
larger-is-better, a high value of SNR indicates good signal and poor noise while a 
low value indicates poor signal and large noise. 
The average yield for both samples FG and NG can be seen in Table 5.3. It is 
found that for sample FG, 4FG has the highest yield that is 6.43 g/(gcat·hr) while for 
samples NG, 4NG has the highest yield that is 32.88 g/(gcat·hr). The yield of nickel-
based catalyst GNF is higher than that of iron-based catalyst GNF. This is because 
the high yield of samples NG is attributed to the break up NiO particles during the 
calcination process (Pham-Huu et al., 2006) and because nickel has more active sites 
than that of iron. In addition, the reduction of H2 flow rate to 10 ml/min at high 
temperature results in breaking up the NiO particles into smaller pieces due to less 
contact time for formation of NiO into smaller particles. 
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The results of GNF yield using Fe2O3 as the catalyst i.e. FG samples can be seen 
in Figure 5.15(a), (b) and (c) for the effect of reaction time, C2H4/H2 flow rate and 
temperature, respectively. Based on the figures, reaction temperature gives the 
greatest influence on the reaction yield as compared to the other two parameters that 
are reaction time and C2H4/H2 flow rate. These two parameters are not significant as 
they give a small effect of the reaction yield. The reaction yield increases as the 
temperature increases from 500°C to 600°C but then decreases as the temperature is 
further increased to 700°C. The reduction of the yield is attributed to the increase of 
the temperature. Here, the catalyst particles tend to agglomerate and due to the 
increase of the particles size, the GNF nucleation is hard to initiate (Kordatos et al., 
2009; Lim et al., 2004). 
Table 5.3    Average yield of samples FG and NG in preliminary experiment 
Sample 
FG  average yield 
Sample 
NG average yield 
g/(gcat·hr) g/(gcat·hr) 
1FG 1.37 ± 0.41 1NG 26.36 ± 3.42 
2FG 4.12 ± 0.67 2NG 30.35 ± 2.53 
3FG 2.27 ± 0.38 3NG 21.53 ± 2.01 
4FG 6.43 ± 0.23 4NG 32.88 ± 5.71 
5FG 2.40 ± 0.28 5NG 25.82 ± 1.15 
6FG 1.08 ± 0.04 6NG 20.31 ± 0.68 
7FG 1.74 ± 0.15 7NG 32.39 ± 0.80 
8FG 1.09 ± 0.03 8NG 23.22 ± 1.20 
9FG 4.49 ± 2.10 9NG 23.93 ± 1.66 
The results of GNF yield using NiO as the catalyst i.e. NG samples are depicted 
in Figure 5.16(a), (b) and (c) for the effect of reaction time, C2H4/H2 flow rate and 
temperature, respectively. C2H4/H2 flow rate has the greatest influence to the yield 
of samples NG followed by temperature and reaction time as indicated in Table 5.3. 
The reaction yield increases as the flow rate ratio of C2H4 to H2 increases. If C2H4 
flows more carbon can be precipitated on the catalyst surface to form graphene 
layers which results in higher reaction yield. Temperature has the second most 
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influential factor to the reaction yield. The high yield of NG samples is due to the 
nickel particles breaking up during calcination process. As a result, the faceted 
structure is exposed by lattice dislocations, pits and crevices formation (Vieira et al., 
2004). The trend of curve is similar to that of FG results where the highest yield is 
found at the temperature of 600°C.  
 
Figure 5.15     The effect of (a)reaction time, (b)C2H4/H2 flow rate; and 
(c)temperature on the FG samples yield. 
 
Figure 5.16     The effect of (a)reaction time, (b)C2H4/H2 flow rate and 
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The interaction between two chosen parameters or factors can be measured by 
the severity index (S.I). The highest to lowest interactions are valued from 100 to 
0%. Thus, when interactions of different factors were estimated, it shows that 
interaction between reaction time and C2H4/H2 flow rate has the highest S.I with 
63.35 and 43.92% for samples FG and NG, respectively (refer to Figure 5.17). These 
results suggest that the influence of one factor in GNF yield depends on the 
condition of other factors. 
 
Figure 5.17    Interaction severity index of GNF yields in (a)samples FG and 
(b)samples NG. 
The interaction among two factors in the highest S.I value for both samples FG 
and NG yield can be referred to Figure 5.18. A 90-degree angle between the lines 
indicate the strongest presence of interaction (100%) while a parallel lines indicate a 
non-existence interaction (0%). From the figure, it can be seen that there is a good 
interaction plot between the parameters since the lines tend to intersect with each 
other. 
ANOVA calculations are performed to determine the relative influences of the 
factor to the variation of results. Moreover, it also provides a means for examining 
the level of significance of the factor influence. All factors which are found to have 





















































Figure 5.18     Interaction between reaction time and C2H4/H2 flow rate 
The ANOVA of the SNR larger-is-better analysis for the samples FG yield is 
indicated in Table A-4. At 99% confidence level (F0.01,2,4=18), the Fvalue is much 
greater than Fdata suggest that the most significant factor is temperature. The result of 
C2H4/H2 flow factor was pooled since the factor is less than 5%. Both factors 
(temperature and C2H4/H2 flow) have together 92.304% impact to the quality.      
The error percent is low (7.696%) shows that little improvement of the experiment 
can be considered.  
For the ANOVA calculations in samples NG, the result of factor time was 
pooled as shown in Table A-5. At 95% confidence interval (F0.05,2,4=6.94) C2H4/H2 
flow is the most influential factor while at 90% confidence level (F0.1,2,4=4.32) 
temperature also gives a significant factor. The total impact of these factors is 
90.392%. The error was calculated to be 9.608% and it is well accepted (less than 
15%) though some improvement to achieve higher yield can be done. 
5.5 Modification of experimental set up 
The modification of experimental set up was done to obtain higher yield of 



















































reaction yield since both GNF samples of different catalyst (samples FG and NG) 
show that the change of reaction yield is due to minimum time of reaction. For 
samples FG, the true parameter that influences the reaction yield is still unknown. 
Although the reaction temperature gives the greatest effect o the reaction yield, the 
result of SNR larger-is-better curve is fluctuated as shown in Figure 5.15(c). On the 
other hand, NG samples yield are largely affected by the ratio of C2H4/H2 flow rate 
where the higher the C2H4 flow rate, the greater the reaction yield (Figure 5.16(b)). 
Hence, it is believed that the amount of the gases could be improved by increasing 
the flow rate of both gases (C2H4 and H2) so that more GNF yield can be obtained.   
However, increasing the flow rate of gases is insignificant if the resident time in 
the tube reactor is small. Thus, the volume of the tube reactor needs to be expanded 
by increasing the inner diameter of the tube reactor. In other words, more gases 
would be in contact with the catalyst in a larger reactor volume or reaction system.  
It is unnecessary to increase the reaction temperature as to improve the yield because 
at higher temperature, the reaction would lead to the formation of CNTs which in 
this case should be avoided. For reaction time, although it is not significant for both 
iron- and nickel-based GNFs, the change of C2H4/H2 flow in the modified 
experiment could give some impact to the reaction time. Hence, for consistency, the 
reaction time is maintained as in preliminary experiment. 
5.5.1 Hydrogen calibration 
Before running the modified experiment, hydrogen calibration was done to 
determine the right hydrogen flow rate with respect to the flowmeter scale reading. 
The result obtained as indicated in Figure 5.19 is used as a reference during the 
experiment. As mentioned in the earlier section, the yield of GNFs is calculated 
based on the amount of GNF produced divided by the reaction time and the mass of 
catalyst used. The amount of GNF produced is measured as soon as the catalyst boat 
filled by the sample product is taken out from the tube reactor (refer to Figure 5.20) 
after the cooling process. From Table 5.10, L2Ni gives the highest yield that is   
77.61 g/(gcat.hr), which is higher than been reported by (Pham-Huu et al., 2006) who 
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has earlier claimed to produce the highest yield of GNF (of using Ni as the catalyst) 
in the literature to date. 
 
Figure 5.19     Hydrogen flow rate reading with respect of the flowmeter scale of the 
modified experimental set up 
 
Figure 5.20    (a) The ceramic boat contained developed GNFs is taken out from the 
tube reactor; and (b) the developed GNFs are produced along the ceramic boat 
In Table 5.4 the improvement of yield for each sample has been achieved as 
indicated in percentage of yield increased. This was done by comparing the yield 
results in preliminary experiment with the results in modified experiment. Although 
several yields in samples of iron-based GNF are declining (the percent of yield 
increased is in negative value) but the overall result shows that the average of yield 
increased in iron-based GNF is better than that of nickel-based GNF. Iron-based 
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Table 5.4     Average yield of samples LFe and LNi as well as percentage of yield 
increased as compared to preliminary experiments  
Sample 
FG  average yield ⏐% yield 
increased⏐ Sample
NG average yield ⏐% yield 
increased⏐g/(gcat·hr) g/(gcat·hr) 
L1Fe 1.76 ± 0.14 28.93 L1Ni 51.10 ± 0.60 93.83 
L2Fe 2.51 ± 0.77 38.96 L2Ni 77.61 ± 2.69 155.69 
L3Fe 10.23 ± 0.57  350.9 L3Ni 67.45 ± 1.24 213.31 
L4Fe 2.30 ± 0.90 64.31 L4Ni 47.69 ± 0.84 45.05 
L5Fe 11.79 ± 0.69 390.6 L5Ni 31.98 ± 5.59 23.86 
L6Fe 0.85 ± 0.02 21.5 L6Ni 36.36 ± 1.00 79.08 
L7Fe 12.06 ± 0.98  593.7 L7Ni 44.65 ± 1.41 37.86 
L8Fe 1.31 ± 0.06 20.4 L8Ni 23.67 ± 0.13 1.94 
L9Fe 0.95 ± 0.06 78.95 L9Ni 39.87 ± 3.02 66.66 
Average of yield increased (%) 131.2 Average of yield increased (%) 79.70 
The results of GNF yield using Fe2O3 as the catalyst i.e. LFe samples can be 
seen in Figure 5.21(a), (b) and (c) for the effect of reaction time, C2H4/H2 flow rate 
and temperature, respectively. Based on the figures, reaction temperature is the most 
influenced parameter on the reaction yield as compared with the other                    
two parameters. This finding is similar to that of FG samples produced in the 
preliminary experiment except that the curve in Figure 5.21(a) is not fluctuating as 
in Figure 5.15(a). The other two curves in Figure 5.21(a) and (b) have the same 
trend as in Figure 5.15(b) and (c) of samples FG. They are not significant to the 
reaction yield as they only give a small change to the yield. Unlike samples FG, the 
reaction yield of samples LFe increases as the temperature increases from 500°C to 
700°C. As suggested by (Koizumi et al., 2006), more GNFs could be produced as 
the temperature increases from 600 to 700°C. At lower temperature (500°C), GNF is 




Figure 5.21    The effect of (a)reaction time, (b) C2H4/H2 flow rate and (c) 
temperature on the samples LFe yield 
The results of LNi yield in Figure 5.22(a), (b)and (c)show that the curves have 
almost similar trend as the curve in Figure 5.16(a), (b) and (c) of NG samples. This 
is because the reaction time curve in Figure 5.20(a) has a small effect to the yield as 
compared with the C2H4/H2 flow rate and temperature curves. The curve in       
Figure 5.22(b) agrees with the curve in Figure 5.16(b) where as the C2H4/H2 flow 
rate increases more GNF yield is produced. In Figure 5.22(c), although the trend of 
the temperature curve agrees with that of preliminary experiment samples in          
Figure 5.16(c), but the effect of the temperature on the reaction yield is greater than 
the C2H4 flow rate curve. 
Figure 5.23 depicts the S.I analysis for the GNF yield. It is found that for 
samples LFe, the highest interactions are similar with samples FG that are between 
reaction time and C2H4/H2 flow rate while the other two interactions are not 
significant (less than 5%). However, for samples LNi, the most significant 
interaction is between C2H4/H2 flow rate and temperature. This is because sudden 
change of temperature (from one level to another) gives a great effect on the yield 
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Figure 5.22    The effect of reaction time, C2H4/H2 flow rate and temperature on the 
samples LNi yield  
The most significant interactions between the mentioned factors can be seen in 
Figure 5.24. For each graph, the lines intersect with each other confirm that the 
interaction between the parameters are strong especially ‘blue line’ and ‘green line’ 
intersection in Figure 6.24(a) which gives almost 100% interaction. 
 
Figure 5.23    Interaction severity index of GNF yields in (a) samples LFe and              
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Figure 5.24     Interaction between (a) reaction time and C2H4/H2 flow rate in 
samples LFe reaction yield and (b) C2H4/H2 flow rate and reaction temperature in 
samples LNi reaction yield 
The ANOVA results of samples LFe in Table A-6 also shows that temperature is 
the most influential parameter at 99% confidence level (F0.01,2,2=99.0) since Fvalue is 
much greater than Fdata. C2H4/H2 flow and time are also can be regarded as 
significant factors since with 95% confidence level (F0.05,2,2=19.0) and                 
90% confidence level (F0.1,2,2=9.00), respectively. The overall factors give an impact 
of 99.176% of quality. Further improvement is not required. This give the optimum 
parameters for highest samples LFe yield are 2 hours reaction time, 50/450 ml/min 
of C2H4/H2 flow rate and 700°C reaction temperature. 
For ANOVA results of samples LNi shown in Table A-11 where at               
95% confidence level (F0.05,2,4=6.94), reaction time is the most significant factor 
since the Fvalue is greater than Fdata. The result of the C2H4/H2 flow rate was pooled 
since the factor insignificant. The total percent of contribution for the two factors 
(time and temperature) is 70.09%. Although the overall modified experiment of 
samples LNi improved a lot with total average of yield increased of 79.7%, but the 
error percent indicates that the parameter levels could be improved further to obtain 
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5.6 X-ray diffraction study 
A typical XRD pattern for iron-based catalyst GNF sample is shown in Figure 5.25. 
The pattern exhibits the most distinguished carbon peak at 2θ=26.24° with intensity 
of graphite (0 0 2) which signifies high crystallization carbon structure.                
The d002 spacing is greater than 0.34 nm Appendix Cshows that it is a turbostratic 
carbon which is higher than for ideal graphite (0.335 nm) (Reshetenko et al., 2003). 
Other carbon peaks are observed as (1 0 0), (0 0 4) and (1 1 0). On top of that other 
peaks due to catalyst remnants such as iron (Fe) peaks (1 1 0) and (2 0 0) and several 
small peaks of iron carbide (Fe3C) are detected as in Figure 5.21. Fe3C which is 
detected as orthorhombic structure is an intermediate catalyst that exists during the 
transition of Fe2O3 to Fe.  
Figure 5.26 displays XRD patterns of GNFs using NiO as the catalyst. Several 
carbon diffraction lines such as (0 0 2) at high intensity and others at low intensity at 
(1 0 0), ((0 0 4) and (1 1 0) can be seen in the figure. Ni metal at strongest peak can 
be seen at the strongest peak (1 1 1) and other peaks at (2 0 0) and (2 2 0). In 
addition, there are several low peaks are detected as nickel carbide (Ni3C) such as (1 
0 0), (1 0 2), (1 0 1) and (0 0 2).  
 
Figure 5.25     XRD pattern of GNF with Fe2O3 as the catalyst 












































































































Figure 5.26     XRD pattern of GNF with NiO as the catalyst 
5.6.1 XRD analysis of preliminary experiment 
Figure 5.27 shows a comparison among FG samples based on reaction time of 2, 3 
and 4 hours. It can be seen that for each reaction time, there is a mixture of high and 
low intensity of carbon diffraction lines of (0 0 2). For example 1FG at 2 hours, 4FG 
at 3 hours and 9FG at 4 hours have low intensity of carbon peak but 3FG at 2 hours, 
5FG at 3 hours and 7FG at 4 hours have high intensity of carbon peak. This reveals 
that reaction time does not effect the crystallization of graphite peak.  











































































Figure 5.27    Comparison of XRD patterns of FG samples based on reaction time 
Similar findings can be seen in Figure 5.28 of NG samples. Again, there is a 
mixture of low peaks in 1NG, 4NG and 8NG samples and high peaks in 3NG, 5NG 
and 7NG samples for a particular reaction time. As a conclusion, reaction time does 
not effect the crystallization of graphite. Some peaks become narrower over the time 
indicating that less amorphous is produced for longer reaction time. 
4 hrs 

























Figure 5.28     Comparison of XRD patterns of NG samples based on reaction time 
Comparison of FG samples based on C2H4/H2 flow rate can be found in Figure 
5.29. The results show that for every C2H4/H2 flow rate that is 10/90, 20/80 and 
30/70 ml/min, there is a mixture of low and high peak of carbon diffraction lines. 
Low peaks of carbon diffraction lines is observed in 4FG, 8FG and 9FG samples at 
C2H4/H2 flow rate of 10/90, 20/80 and 30/70 ml/min, respectively while high peaks 
of carbon diffraction lines is observed in 7FG, 5FG and 3FG samples at C2H4/H2 


























   
Figure 5.29      Comparison of XRD patterns of FG samples based on C2H4/H2 flow 
rate 
As for NG samples in Figure 5.30, both high and low peaks could also be found 
in every C2H4/H2 flow rate of 90/10, 80/20 and 70/30 ml/min. This suggests that for 
both FG and NG samples, C2H4/H2 flow rate has no significant effect on the graphite 
crystallization. 


























Figure 5.30      Comparison of XRD patterns of NG samples based on C2H4/H2 flow 
rate 
Figure 5.31 represents the comparison of XRD pattern of FG samples at 
different temperature. As the temperature goes higher, the carbon diffraction line 
peak at 2θ≈26° gets narrower and higher. This is because more GNFs are formed 
and less amorphous carbon is developed at higher temperature (Koizumi et al., 
2006). The crystallization of graphite is improved as the temperature increases 
(Bououdina et al., 2005). At 500°C, 6FG gives the most intense carbon peak with 
several peaks are identified as Fe and Fe3C as compared with other two samples 

























(1FG and 8FG) since for reaction within 3 hours and C2H4/H2 flow rate at 30/70 
ml/min all Fe2O3 catalysts have been reduced to Fe and Fe3C.  
 
Figure 5.31    Comparison of XRD patterns of FG samples based on temperature 
For sample 8FG, only low intensity peaks of Fe3C and graphite are observed. It 
is believed that even though the reaction duration is 4 hours, the flow rate of 
C2H4/H2 at 20/80 is not sufficient enough to reduce all catalyst to Fe and Fe3C. At 
600°C the graphite (002) peak is detected in every sample FG. Apart from Fe and 
Fe3C, Fe2O3 peaks can be observed in 2FG. This is due to that the reaction within    
2 hours is not long enough to reduce all the catalyst to Fe and Fe3C. Sample 9FG has 
the lowest peak in 600°C reaction hour. This situation is similar with 8FG sample 
where at the longest reaction hour run of 4 hours, more carbon amorphous is 

























developed which could possibly reduce the overall carbon crystallization. The most 
intense peaks of carbon (0 0 2) could be observed at all samples 3FG, 5FG and 7FG 
which were run at the highest temperature of 700°C. However, in Sample 3FG, Fe 
peaks are detected at 2θ of 45° and 65°. The other samples might have Fe but the 
peaks could not be detected due to encapsulation at 700°C (McCaldin et al., 2006) 
Figure 5.32 exhibits samples NG based on the reaction temperature. Similarly, 
samples FG, the carbon peak of (0 0 2) get narrower and more intense as the reaction 
temperature increases from 500 to 700°C. Apart from carbon peaks that getting 
more defined, it can be seen that the Ni3C peaks appear clearer and more significant 
between 2θ of 40° to 45° at 700°C as compared with 500°C. 
 
 
Figure 5.32    Comparison of XRD patterns of NG samples based on reaction 
temperature 
Based from Figure 5.31 and 5.32, by taking the ‘dashed line’ as the reference 
line, apart from becoming narrower, the graphite diffraction peaks are slightly 


























shifted to a higher 2θ angle with the increasing of temperature.. This shows the 
progress of the GNFs graphitization. However, in Figure 5.28, at 700°C,                
the 2θ angle becomes lower due to formation of tubular GNF (Tanaka, Yoon, & 
Mochida, 2004b). This evidence is observed in TEM morphology that will be 
discussed in the upcoming section.  
5.6.2 XRD analysis of modified experiment 
The XRD analysis of samples LFe based on reaction time can be referred in          
Figure 5.33. Similar to the previous preliminary experiment results, the samples of 
modified experiment also show that there is no significant effect of carbon graphite 
peak on the reaction time.  
 
Figure 5.33    Comparison of XRD patterns of LFe samples based on reaction time 
 
The reason is that there is a mixture of low and high graphite peak (0 0 2) for each 
different reaction times that are 2, 3 and 4 hours. For example low peaks such as in 
























sample L1Fe, L6Fe and L9Fe are found in 2 and 4 hours reaction time, respectively. 
Unlike NG samples from the preliminary experiment, each sample LNi shows a 
significant peak of carbon (0 0 2) in Figure 5.34. The lowest peak is observed in 
samples L8Ni and L4Ni at 4 and 3 hours reaction time, respectively while the highest 
peak is identified in sample L7Ni at 4 hours reaction time.  
 
Figure 5.34     Comparison of XRD patterns of LNi samples based on reaction time 
Similar to samples FG, the carbon peak of (0 0 2) get narrower and more intense 
as the reaction temperature increases from 500 to 700°C. Apart from carbon peaks 
that getting more defined, it can be seen that the Ni3C peaks appear clearer and more 
significant between 2θ of 40° to 45° at 700°C as compared with 500°C. The reason 
is that more NiO had been reduced to Ni3C at higher temperature. 

























As expected, based on C2H4/H2 flow rate in Figure 5.35, there is a mixture of 
high and low carbon peak in samples LFe for each C2H4/H2 flow rate at 50/450, 
100/400 and 150/350 ml/min, respectively. Thus, C2H4/H2 flow rate is not a 
significant factor that influences the crystallization of graphite.  
 
 
Figure 5.35     Comparison of XRD patterns of LFe samples based on C2H4/H2 flow 
rate 
Samples NG in Figure 5.36 exhibit their XRD patterns based on C2H4/H2 flow 
rate that are 270/30, 240/60 and 210/90 ml/min. Most of the samples have defined 
and distinguished carbon peaks in every C2H4/H2 flow rate. The reason is that C2H4 
is one of the strong hydrogenated carbon source like acetylene (C2H2), therefore, 
GNFs can be produced at lower temperature using NiO as compared with Fe2O3 
(Pham-Huu et al., 2006). The highest and the lowest carbon peak are observed at the 

























highest flow rate of C2H4. Hence, C2H4 flow rate does not have significant influence 
on the crystallization of graphite. 
 
Figure 5.36     Comparison of XRD patterns of LNi samples based on C2H4/H2 flow 
rate 
 
Based on Figure 5.37, the reaction temperature is indeed playing a significant 
role in crystallization of graphite. This is because as the temperature increases from 
500 to 700°C, the carbon peak is more intense and defined. At 500°C, the carbon 
peak is broad due to formation of amorphous carbon apart from GNFs. There are 
several distinguished peaks of Fe3C indicating that the transition of Fe2O3 to Fe is 
not completed i.e. GNFs is not completely formed.  


























Figure 6.37      Comparison of XRD patterns of LFe samples based on reaction 
temperature 
At 600°C the carbon peak starts to get narrower and higher i.e. less carbon 
amorphous is formed and more GNFs are developed. However, Fe3C peaks can still 
be observed and additional peak of Fe can be seen in samples L2Fe and L9Fe. At 
700°C, the intensity of carbon diffraction line is at the highest peak and less Fe3C 
peaks can be observed. However, there is no significant peak of Fe. This is due to 
GNF encapsulation that mostly occurred at 700°C. Samples LNi in Figure 5.38 
shows that GNF has fully developed from the beginning of temperature at 500°C. At 
this temperature, all diffraction pattern exhibit the same trend, except for L8Ni 

























shows less significant peak of Ni3C. At 600°C, the carbon peak gets narrower but 
the peaks are not as high as those at 500°C. The reason that at lower temperature the 
GNF crystallinity could be better since carbon deposition by gas-phase reaction is 
less (Chen et al., 2005). At the highest reaction temperature of 700°C, the carbon 
peak gets narrower and higher indicating better carbon crystallization and less 
carbon amorphous formed. Several Ni peaks are detected in sample L5Ni showing 
transition of NiO catalyst to Ni. 
 
Figure 5.38     Comparison of XRD patterns of LNi samples based on reaction 
temperature 

























5.7 Raman spectroscopy study 
Raman spectroscopy analysis is essential as the instrument is more sensitive than 
XRD with respect to intrinsic defects of graphite lattice which cause a symmetry 
breakdown on the whole crystal system (Reshetenko et al., 2003). The defect could 
be due to missing atom or missing plane. The Raman spectra provide signals of 
graphite crystals resulting from the lattice vibration. It is very sensitive to the degree 
of structural disorder (Sadezky et al., 2005). Similar to CNTs, the band at 1580 cm-1 
(or sometimes 1582 cm-1) is known as G mode or G band. It is assigned to the in-
plane displacement of carbon atoms in hexagonal sheets (Reshetenko et al., 2003). 
When the disorder is presented, additional band such as D band between 1300 and 
1400 cm-1, D’ band at 1610 cm-1 and G’ band at 2600–2800 cm-1 would appear in 
the spectra results (Hartman et al., 2004). The Raman spectra results for GNFs in the 
preliminary experiments (samples FG and NG) and modified experiment (samples 
LFe and LNi) can be seen in Figure 5.39 to 5.42.  
 
Figure 5.39     Raman spectra of FG samples based on reaction temperature 
A comparison based on reaction temperature is done to see how D band and G 
band peaks change with temperature. The G peak exist due to the inplane bond 




















stretching of all pairs of sp2 carbon atoms while the D peak indicates the presence of 
disorder in graphene layer structures (Boskovic et al., 2004). Comparisons based on 
reaction time and C2H4/H2 flow rate are not necessary since these two parameters 
have less influence to the carbon crystallization as been discussed in the previous 
section. Based from Figure 5.39, at temperature 500°C, sample 1FG has low peaks 
of D band and G band. This means that graphite crystallization is weak. In addition, 
several peaks of Fe2O3 between 200 and 400 cm-1 are observed indicating that Fe2O3 
catalyst is exist in the sample and has yet to be consumed completely.  
 
Figure 5.40     Raman spectra of NG samples based on reaction temperature 
The next level of temperature is at 600°C where both peaks of D and G bands 
are improved. Fe2O3 peaks are not present indicating that the catalyst has been 
consumed in the development of GNF. Finally at temperature 700°C, both D and G 
bands exhibit high intense peak with G peak higher than D peaks. This signifies that 
sample 7FG has high surface ratio of the G band versus the D band with better 
degree of crystallinity and less defective carbon (Kordatos et al., 2009). Figure 5.40 
depicts the Raman spectra of NG samples. At 500°C, sample 1NG exhibits broad 
overlapping peaks of D and G bands. This indicates that there are some soot and 
disordered graphitic structures (Sadezky et al., 2005). However, the   D and G peaks 





















are narrower and higher as the temperature increases implying that the graphitization 
of carbon is increased. At 700°C, D peak is higher than G peak suggests that there is 
more structural disorder within graphite planes not just due to the defects of curved 
graphene sheets, tube ends and surviving impurities (Ebbesen, 1997) but also could 
be as a result of corrugated carbon nanofibers. This latter structure would be 
discussed further in the upcoming section. Further more, a shoulder band D’ at 1610 
cm-1 could be observed in sample 5NG. The D’ band is assigned to disordered-
induced symmetry breaking by the microscopic defects (Zheng, Zhao, Liu, Liang, & 
Cheng, 2006a). The details of the values can be referred in Table 5.5. 
Table 5.5 Raman spectra bands of GNF in preliminary experiment 
Sample Amorphous (IA)1500 cm-1 
D band  
Intensity (ID)  
1330-1360 cm-1








1FG 8.027 13.417 11.265 0.713 0.456 
2FG 10.233 15.418 14.518 0.705 0.485 
3FG 11.001 15.403 27.048 0.363 0.407 
4FG 7.602 10.238 9.673 0.786 0.486 
5FG 10.439 18.826 32.377 0.368 0.309 
6FG 8.805 9.347 12.131 0.435 0.726 
7FG 7.376 18.624 28.787 0.256 0.607 
8FG 8.616 10.202 10.699 0.805 0.512 
9FG 7.600 10.749 11.277 0.674 0.512 
1NG 34.876 28.103 43.120 0.652 0.553 
2NG 12.146 10.752 11.631 0.924 0.489 
3NG 16.021 9.983 13.892 0.719 0.464 
4NG 12.740 9.203 12.199 0.754 0.489 
5NG 28.539 8.346 20.518 0.407 0.418 
6NG 10.705 7.658 10.449 0.733 0.494 
7NG 11.702 8.896 10.727 0.829 0.478 
8NG 12.996 10.445 12.837 0.814 0.497 
9NG 12.525 10.272 12.399 0.829 0.498 
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In modified experiment, the results of Raman spectra more or less similar to the 
preliminary experiment samples. For example, LFe samples in Figure 5.41, the 
Fe2O3 peaks could be observed at temperature 600°C. No significant peaks of Fe2O3 
could be observed in sample L6Fe at temperature of 500°C. Only very low D          
and G peaks are detected. This could be due to the development of GNFs at such 
temperature have yet been achieved. At 700°C, the carbon peaks becomes narrower 
and sharper implying that the temperature helps to graphitize the nanofibers but at 
the same time other undesired carbon impurities are also developed. For samples 
NG, both D and G band peaks increasing with reaction temperature and at the 
highest temperature both peaks are equal in height (refer to Figure 5.42) 
 
Figure 5.41     Raman spectra of LFe samples based on reaction temperature 
 
Figure 5.42    Raman spectra of LNi samples based on reaction temperature 
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D band  
Intensity (ID)  
1330-1360 cm-1








L1Fe 9.505 12.382 12.550 0.757 0.503 
L2Fe 15.561 34.297 39.890 0.390 0.538 
L3Fe 11.115 19.627 26.691 0.416 0.576 
L4Fe 14.984 22.023 22.830 0.656 0.509 
L5Fe 9.597 15.750 16.230 0.591 0.508 
L6Fe 9.894 11.579 11.821 0.837 0.505 
L7Fe 9.999 18.688 21.011 0.476 0.529 
L8Fe 8.653 10.723 10.929 0.792 0.505 
L9Fe 13.193 18.325 19.773 0.667 0.519 
L1Ni 10.824 13.793 14.080 0.769 0.505 
L2Ni 11.600 14.044 14.608 0.794 0.510 
L3Ni 12.100 14.962 15.073 0.803 0.502 
L4Ni 11.419 14.697 13.843 0.825 0.485 
L5Ni 10.735 15.893 16.277 0.660 0.506 
L6Ni 11.008 14.376 14.330 0.768 0.499 
L7Ni 21.082 33.668 33.965 0.621 0.502 
L8Ni 15.782 21.648 21.773 0.725 0.501 
L9Ni 13.437 17.156 18.488 0.727 0.519 
5.8 Microscopy study 
The surface and morphology of GNFs are studied by both TEM and SEM. TEM 
confirms the internal carbon structure of GNFs that is platelet and herringbone while 
SEM provides the external surface of GNF as well as carbon amorphous or soot. 
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5.8.1 SEM analysis 
In TEM imaging, the GNF samples need to be sonicated and well-dispersed so that 
each nanofiber can be examined individually. Alternatively, an observation using 
SEM is used as it provides the whole picture of undisturbed GNFs. In general, from 
the SEM observation, iron-based catalyst GNFs (samples FG and LFe) exist in short, 
wavy entangled  nanofibers with many nodes at the end of the tips whereas nickel-
based catalyst GNFs (samples NG and LNi) exists in long straight entangled 
nanofibers (refer to Figure 5.43). The reason is that majority of samples FG and LFe 
consist of herringbone structure which tend to bend the nanofiber slightly while the 
majority of samples NG and LNi consists of platelet structure.  
 
Figure 5.43    SEM images show the significant difference between iron-based 
catalysts GNF (sample 2FG) at (a)low magnification of 5000X; (b)high 
magnification of 20000X and nickel-based catalysts GNF (sample 8NG) at (c)low 





Further observation on samples LFe and LNi had been done using FESEM 
imaging. This is because for awkwardly shape like GNFs, some images appear to be 
blur and less defined. FESEM provides ultra high resolution imaging to obtain clear 
topographic image as in Figures 5.44, 5.45 and 5.46. In Figure 5.44 (a) it can be seen 
that GNFs in sample L1Fe is partially developed due to shorter reaction time and 
lower reaction temperature as compared with sample L7Fe in Figure 5.44(b). The 
latter figure shows that the formation of GNFs is almost complete since long strand 
of nanofibers can be observed. Moreover, through FESEM imaging the structures of 
GNFs that are herringbone and platelet can be observed as well as in Figure 5.45.  
 
Figure 5.44     GNFs can be (a)partially developed at 500°C and   2 hours as in L1Fe 
or; (b)fully developed at 700°C and 4 hours as in L7Fe. 
Figure 5.45     The FESEM imaging shows (a)platelet structure in L3Fe; and               





Throughout FESEM imaging, it can be noticed that some samples have small 
diameter size distributions of nanofibers as in Figure 5.46(a) and (b) while others 
have wider diameter size distributions of nanofibers as in Figure 5.46(c) and (d). 
When the diameter size distribution of a sample is wide that is between 50- 500 nm, 
there is a possibility of CNTs exists in the sample depending upon the experimental 
conditions. This has been proved in TEM imaging as would be discussed in the 
following section.  
 
Figure 5.46 Some samples exist in almost consistent diameter size of GNFs as in 
samples (a)L8Fe and (b)L1Ni, while others exist in different diameter sizes of GNFs 





5.8.2 TEM analysis 
The bright field TEM images reveal the internal carbon structure of GNF as 
herringbone (or fish bone) and platelet. The herringbone structure consists of 
graphene planes at the angle of 45° to the carbon filament axis (Figure 5.47(a)) 
while the platelet structure consists of graphene planes is perpendicular to the carbon 
filament axis (Figure 5.47 (b)). In addition, the developed GNF could exist as 
hollow GNF platelet structure. This is due to the increase in reaction temperature 
which will be discussed in the next paragraph. 
 
Figure 5.47    TEM images showing sample L4Fe with (a)herringbone and (b)platelet 
structures; as well as (c)sample L1N with hollow GNF platelet structure. 
The GNF structure changes slightly with the increasing of temperature. This is 
shown in Figure 5.48(a), (b) and (c) of GNF images at temperature 500, 600 and 
700°C, respectively. It can be seen that at low temperature that is between 500 and 
600°C, the platelet and herringbone structures are produced with majority nanofibers 
diameter above 100 nm. At higher reaction temperature (700°C), the stacking angle 
decreases where the planes are becoming parallel to the carbon filament axis leading 
to thin tubular i.e. the graphene planes are parallel with the carbon axis with hollow 
core. Such observations have also been detected by other findings (Lim et al., 2004; 
Reshetenko et al., 2004; Tanaka, Yoon, & Mochida, 2004a). This can be seen as 
indicated by the ‘black arrow’ in Figure 5.48(c). When the planes are parallel to the 




carbon nanotubes (CNTs). Thus, for any nanofiber diameter less than 100 nm, it is 
suspected that the fibrous carbon consists of mutiwall nanotubes (MWNTs). 
Similar observation can be seen in samples NG in Figure 5.49. At 500 and 
600°C, solid structure of GNF are observed in samples 1NG and 4NG, respectively 
where platelet as the dominant structure. This gives the overall GNF samples long 
and straight nanofiber characteristics. However, samples NG at 700°C are different 
and distinctive. Unlike samples FG that formed thin tubular GNF at 700°C, for 
samples NG, the structure are formed in short and curl as in Figure 5.49(c).  
 
Figure 5.48     Bright field TEM images of (a)sample 8FG at 500°C, (b)sample 2FG 
at 600°C; and (c)sample 7FG at 700°C. 





Figure 5.49    Bright field TEM images of (a)sample 1NG at 500°C, (b)sample 4NG 
at 600°C; and (c)sample 5NG at 700°C. 
The GNF samples developed from modified experiments show similar results in 
TEM imaging. Figure 5.50 (a), (b) and (c) reveals the nanofiber structures of L1Fe, 
L9Fe and L5Fe, respectively. As expected, at 500 and 600°C, herringbone and 
platelet structures are formed. At 700°C, instead of forming thin tubular GNF as in 
samples FG, only a small hollow structure is formed as indicated by a ‘white’ arrow 
in Figure 5.50(c). This hollow structure is thought to give more surface area to the 
material if N2 molecules can purge to it. The graphene wall is thick and the 






Figure 5.50    Bright field TEM images of (a)sample L1Fe at 500°C, (b)sample L9Fe 
at 600°C; and (c)sample L5Fe at 700°C. 
For samples LNi, at all conditions (temperature 500 to 700°C), solid GNFs are 
produced without formation of any hollow or tubular structures (as in Figure 5.51). 
It shows that a better GNF structure has been achieved in the modified experiment. 
It is thought that with the graphene planes stacked firmly in the nanofibers, more slit 
pores are presented, thus creates more surface area.  
GNFs will be continuously formed a long straight nanofibers if the precipitation 
of carbon from all faces is identical (Rodriguez et al., 1995). Unfortunately, any 
perturbation in this behavior will results in abnormalities of fiber conformation. 
Thus, coiled and helical (or spiral) perturbations are likely to form. According to 
(Park et al., 2004), the helical structure is due to an equal diffusion of carbon 
through the catalyst particle which results in anistropic growth. Different diffusional 
pathways taken by carbon atoms through the carbide phase lead to different rates of 
carbon growth and therefore twisted or spiral growth occurred. A few examples of 





Figure 5.51     Bright field TEM images of (a)sample L1Ni at 500°C, (b)sample L4Ni 
at 600°C; and (c)sample L7Ni at 700°C. 
 
Figure 5.52     Various GNF structures that is (a)coiled in L4Fe, (b)spring in L4Fe; 
and (c)regular helical in 6FG. 
5.8.3 Selected area electron diffraction 
The crystalline carbon structure of GNF is certified by selected area electron 
diffraction (SAED). The SAED images are only primarily instrumental since they 







al., 2006). In an SAED image of GNF, there are three distinguished rings correspond 
to different d-spacings in the graphitic structure. These three rings represent the 
refraction diffraction planes in graphite that are (0 0 2), (1 0 0) and (0 0 4) which 
have been revealed earlier in XRD analysis (refer to Figure 5.53). 
 
Figure 5.53     The bright field TEM of GNF (a)platelet structure with its 
(b)corresponding SAED pattern; and (c)herringbone structures with its 
(d)corresponding SAED pattern. 
The first ring has a distinct pattern where all signals on this ring correspond to 
this crystal plane but the orientation in the three dimensional nanofiber structure 
varies. If the graphitic crystallites oriented randomly, the ring appears to be uniform. 
Conversely, if the graphitic crystallites are in platelet order, then the ring appears to 
be a pair of diffraction spots which are mirror images of one another. However, if 














two pairs which thus give four diffraction spots (van Gulijk et al., 2006). This is 
because the orientation of the opposite side of the fiber is at different angle and the 
difference in orientation is 45°. Figure 5.53(c) and (d) show the GNFs with platelet 
and herringbone structures, respectively. The white circle shows the location where 
the SAED is being focused and the SAED results of platelet and herringbone 
structures are seen in Figure 5.53(b) and (d), respectively. The center spot is covered 
by a beam stop to prevent excessive light of the center spot so that the diffraction 
rings can be seen clearly. 
In Figure 5.54(b), the diffraction patterns reveals (0 0 2) diffraction spots and         
(1 0 0) and (0 0 4) diffraction rings. The two semi lunar spots appear as point-mirror 
images of one another indicate the existence of texture and the direction of (0 0 2) 
carbon layers (R. Zheng, Zhao, Liu, Liang, & Cheng, 2006a). The ‘white dashed 
line’ can be regarded as the carbon filament axis (or fiber axis) and by taking it as a 
guidance, it can be seen that as indicated by the (0 0 2), spots orientation is 
consistent with the growth direction of the fiber in Figure 5.54(a).  
Herringbone structure in SAED image can be seen in Figure 5.54(d). Four 
diffraction spots should be seen clearly but since the two pairs of spots are too bright 
until they appear to be overlapped. Again the diffraction rings can be observed as    
(0 02) (1 0 0) and (0 0 4) diffraction planes. These SAED images are consistent with 
other findings (Edwards et al., 2006; Labunov et al., 2008; McCaldin et al., 2006; 
Ono et al., 2006; van Gulijk et al., 2006; R. Zheng, Zhao, Liu, Liang, & Cheng, 
2006b). Similar observation of platelet and herringbone structures can be seen in     
Figure 5.54 except that here the imaging is done by using encapsulated GNF i.e. 
with Fe2O3 catalyst embedded in the fibers. Three diffraction rings are observed in 
Figure 5.54(b) and (d) correspond to (0 0 2), (1 0 0) and (0 0 4) refraction diffraction 
planes. In addition, small scattered spots around the diffraction pattern aroused due 




Figure 5.54 The bright field TEM of encapsulated GNF (a)platelet structure with 
its (b)corresponding SAED pattern; and (c)herringbone structures with its 
(d)corresponding SAED pattern. 
5.8.4 Growth Mechanism 
Similar to CNTs, the growth mechanism growth of GNF is based on the tip growth. 
Prior to the growth of GNFs, the formation of small domain of catalyst metal 
particle that acts as nucleation seeds occur. The size of the nucleation seeds 
correspond to the GNF diameter (Boskovic et al., 2004). At the beginning of the 













the surface of metal oxide (Fe2O3 or NiO) crystallographic faces as described in 
(Baker, 2001). Later, the dissolution and diffusion of carbon species into the 
nanoparticles interior occur to form a metal-carbon solid state solution that is iron 
carbide (Fe3C) or nickel carbide (Ni3C). Soonthe growth of nanofibers occurs since 
the supersaturation leads to carbon precipitation at the ‘cold-end’ of the catalyst 
particle. These carbon precipitates into a form of crystalline tubular.  
A herringbone is formed if carbon deposition process occurs at the sides of the 
particle that is carried at the tip of the growing fibre while a platelet is formed when 
the graphene planes are stacked in a direction parallel to the base of the particle and 
perpendicular to the fibre or filament axis (Rodriguez et al., 1995). Both diameters 
of these two structures are determined from the size of the metal catalyst 
nanoparticle (Dresselhaus, 2006). An example of tip growth formation of platelet 
structure is observed during SEM imaging of Sample 3NG where graphene planes 
are stacked to form platelets. From Figure 5.55, it can be seen that the development 
of nanofibers on the NiO particle (the bright triangle spot) are in three directions. 
This phenomenon is also observed by previous literatures (Park et al., 2004; Toebes 
et al., 2002).   
   
Figure 5.55 SEM image shows the tip growth of Sample 3NG on NiO catalyst in 
three directions. 
Most of the time, nanofibers are formed on the metal surface in two opposite 
directions. This can be seen in TEM image in Figure 5.56 for Sample 4FG.          




became a rhombohedral-shaped particle (dark area) and the growth of nanofibers is 
observed in two directions.  
 
Figure 5.56 TEM image shows the tip growth of 4FG on Fe2O3 catalyst (the dark 
spot) in two directions. 
From the TEM observation, majority of iron-based catalyst GNFs are in the 
form of herringbone structure. This could probably due to the hexagonal shape of 
the catalyst that leads to graphene plane at the angle of 45° to the fiber axis. 
Conversely, majority of nickel-based catalyst GNFs are in the form of platelet 
structure. This is because the nickel catalyst is in the form of cubic lattice which is 
unlikely for the graphene planes to precipitate at the angle of 45°. 
5.8.5 Corrugated carbon nanofibers in the GNF growth 
The growth of GNFs could result in a formation of corrugated on the surface that is 
known as corrugated carbon nanofibers (C-CNFs) (Koizumi et al., 2006).              
The growth mechanism of C-CNF has been described in several literatures           
(Koizumi et al., 2006; Wang et al., 2006). Basically, when the surfaces of catalyst 
particles absorb carbon source gas, they maintain the state of absorption until the 
particles become saturated with the gases. As a result, the particles burst out all the 




Later, since all the carbons have been discharged, the absorption takes place again. 
At this time while waiting for the catalyst to become saturated again, low density of 
carbon discs are grown before the catalyst particles burst out the carbon to form high 
density carbon discs. These processes are repeated for number of times. Thus, the 
nanofiber formed a corrugated shape as seen in Figure 6.58. 
 
Figure 5.57 Formation of corrugated shape of CNF 
Based on TEM morphology observation it is found that there is a formation of 
C-CNFs in all samples during the preliminary and modified experiment. Most         
C-CNFs are found in thicker nanofibers (more than 200 nm) and a few of them can 
be observed in thickness less than 100 nm. Some good examples of formation of    
C-CNF and GNF in a particular sample can be seen in Figure 5.58.  
 
Figure 5.58 Both GNFs (labeled as ‘Y’) and C-CNFs (labeled as ‘X’) are 
produced in samples produced during (a)preliminary experiment; and (b)modified 
experiment. 
The thicker nanofiber (from a bigger catalyst particle) shows corrugated shape is 




















expel carbon to 





normal GNF platelet structure is labeled as ‘Y’. The reason is that for smaller 
catalyst particle, the absorption time for carbon gases is short and the gas expelling 
effect is so fast until it appears almost continuously. Thus, the corrugated shape 
pattern is not observed (Koizumi et al., 2006). C-CNFs can be found in different 
shape such as coil shape as in Figure 5.59(a) for sample 1NG. Most of C-CNF 
structures are not as smooth as GNFs. In some situations, certain samples such as 
L5Ni exhibit corrugated and compartmentalized morphologies until the surface 
becomes uneven and ridged as seen in Figure 5.59(b). In some samples like 7FG, 
both corrugated and graphitized tubes are formed simultaneously (Figure 5.60). 
Such phenomenon has also been observed by (Kordatos et al., 2009). 
 
Figure 5.59 More C-CNFs at different sizes formed in (a)1NG sample (more than 
100 nm); and (b)L5Ni sample (less than 100 nm). 
 
Figure 5.60 Both thin tubular fiber (labeled as ‘A’) and corrugated fiber (labeled 








5.8.6 GNF diameter size distribution 
The study of GNFs diameter is not critical but worth to mention since the idea of 
developing the samples is to store hydrogen gas. Apart from the catalyst particle 
size, the GNF outer diameter is significantly controlled by several factors such as 
reaction temperature and the molar ratio of the gasses carbon source to hydrogen 
(Pham-Huu et al., 2006). Therefore, although all reaction conditions used the similar 
catalyst developed at the specific conditions, the variation of outer diameter size of 
GNFs is still exist. By referring to Figures 5.61 and 5.62, for iron-based catalyst, 
most of the samples such as samples 1FG, 2FG, 3FG, 4FG, 8FG and 9FG have the 
diameter of nanofibers at the average of 100 to 200 nm.  
 
Figure 5.61 The diameter size distribution of samples (a)FG, (b)2FG, (c)3FG and 


























































Outer Diameter of nanofibers (nm) 
(a) Sample 1FG 
2 hrs, 10/90 ml/min, 500°C 






















(b) Sample 2FG 
2 hrs, 20/80 ml/min,600°C 













































































(c) Sample 3FG 
2 hrs, 30/70 ml/min, 700°C






































(d) Sample 4FG 
3 hrs, 10/90 ml/min, 600°C 








































Outer Diameter of nanofibers (nm) 
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Samples 5FG, 6FG and 7FG have average size less than 100 nm (Figure 5.62) 
because thin tubular GNFs were formed during the reaction at 700°C except 6FG. 
 
Figure 5.62     The diameter size distribution of samples (a)5FG, (b)6FG, (c)7FG, 



















(c) Sample 7FG 
4 hrs, 10/90 ml/min, 700°C 



























































(d) Sample 8FG 
4 hrs, 20/80 ml/min, 500°C 
























































s (e) Sample 9FG 
4 hrs, 3070 ml/min, 600°C 





























































(a) Sample 5FG 
3 hrs, 20/80 ml/min, 700°C


































































































Outer Diameter of nanofibers (nm) 
(b) Sample 6FG 
3 hrs, 30/70 ml/min, 500°C 
Average = 67.7+19.1 nm 
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Based from Figures 5.63 and 5.64, for nickel-based catalyst GNFs, the overall 
diameter is greater than that of iron-based GNFs.  
 
Figure 5.63 The diameter size distribution of samples (a)1NG, (b)2NG, (c)3NG, 



















(b) Sample 2NG 
2 hrs, 80/20 ml/min, 600°C



































































































Outer Diameter of nanofibers (nm) 
(a) Sample 1NG 
2 hrs, 90/10 ml/min, 500°C

















(c) Sample 3NG 
2 hrs, 70/30 ml/min, 700°C 



























































(d) Sample 4NG 
3 hrs, 90/10 ml/min, 600°C 

























































(e) Sample 5NG 
3 hrs, 80/20 ml/min, 700°C





























































(f) Sample 6NG 
3 hrs, 70/30 ml/min, 500°C 








































Outer Diameter of nanofibers (nm) 
  
169
This is because apart from having crystal size greater than that of Fe2O3, NiO also 
tends to undergo sintering process during the reaction at high temperature. There are 
two samples (1NG, 3NG, 4NG and 9NG) that have the average diameter size more 





Figure 5.64 The diameter size distribution of samples (a)7NG, (b)8NG and 
(c)9NG at different reaction time, C2H4/H2 flow rate and reaction temperature. 
GNF diameter size in the modified experiment such as in iron-based GNFs 
(samples LFe), can be seen in Figure 5.65 and 5.66. The formation of CNT at 700°C 
has been reduced since the average diameter size of GNF is above 200 nm.              
At temperature 500 and 600°C, the average diameter size is between 70-140 nm.      



















(a) Sample 7FG 
4 hrs, 90/10 ml/min, 700°C 






























































(b) Sample 8NG 
4 hrs, 80/20 ml/min, 500°C 





























































(c) Sample 9NG 
4 hrs, 70/30 ml/min, 600°C 











































nanofibers. This is due to the sintering process occurred which results in 
agglomeration in the catalyst particle. Therefore, greater size of nanofibers was 
formed as a result of greater size of agglomerated catalyst particle. For example 
sample L8Fe has the smallest average size of GNF that is 70.23 nm since the 
reaction was ran at 500°C whereas sample L7Fe, that is conducted at 700°C gives 
the greatest average size of GNF that is 869.78 nm.  
 
Figure 5.65 The diameter size distribution of samples (a)L1Fe, (b) L2Fe, (c) L3Fe 
and (d) L4Fe at different reaction time, C2H4/H2 flow rate and reaction temperature. 
The duration of the reaction to produce GNFs does not influence the size of the 
developed GNFs. It is believed that the longer the reaction means that the longer the 











































































































































2 hrs, 50/450 ml/min, 500oC 



















2 hrs, 100/400 ml/min, 600oC





























































2 hrs, 150/350 ml/min, 700oC



















3 hrs, 50/450 ml/min, 600oC
Average = 72.96+17.8 nm 
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does affect the size of the GNFs but only on the yield of the reaction as discussed in 
the previous section. 
 
Figure 6.66 The diameter size distribution of samples (a)L5Fe, (b)L6Fe, (c)L7Fe, 











































































































































3 hrs, 100/400 ml/min, 700oC





























































3 hrs, 150/350 ml/min, 500oC





















4 hrs, 50/450 ml/min, 700oC





















 4 hrs, 100/400 ml/min, 500oC






























































4 hrs, 150/350 ml/min, 600oC
Average = 141.32+70.3 nm
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For Ni based GNFs that are samples LNi, all samples synthesized at 700°C have 
outer diameter size smaller than 100 nm (refer to Figures 5.67 and 5.68).              
This indicates the presence of CNTs. Other than that, all samples have average 
diameters more than 100 nm due to larger particle catalyst size. 
 
Figure 5.67 The diameter size distribution of samples (a) L1Ni, (b) L2Ni, (c) L3Ni 













































































































































2 hrs, 270/30 ml/min, 500oC




















2 hrs, 240/60 ml/min, 600oC






























































2 hrs, 210/90 ml/min, 700oC























3 hrs, 270/30 ml/min, 600oC




Figure 5.68     The diameter size distribution of samples (a)L5Ni, (b)L6Ni, (c)L7Ni, 





































































































































































3 hrs, 240/60 ml/min, 700oC
Average = 40.77 nm
(a) L5Ni 
3 hrs, 240/60 ml/min, 700oC 



























































3 hrs, 210/90, 500oC



























































4 hrs, 270/30 ml/min, 700oC






















4 hrs, 240/60 ml/min, 500oC
Average = 93.4+17.4 nm
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5.9 Nitrogen adsorption study 
N2 isotherm and the adsorption-desorption hysteresis is similar to CNTs as discussed 
in Chapter 5. By plotting volume adsorbed (cm3/g) versus relative pressure, it is 
found that the isotherm curve can be divided into three parts: A, B, and C (refer to 
Figure 5.69 and Figure 5.70 for typical isotherms in samples nickel-based and     
iron-based GNF, respectively). Similar to CNTs, the amount adsorbed increases 
rapidly in part A of Type I isotherm but at relative pressure less than                    
0.04. Theoretically, at this point, the N2 molecules fill in all micropores with 
diameter less than 2 nm (Yang et al., 2002). In actual case, the N2 molecules occupy 
all of the interlayer graphene spacing (or d-spacing) which has more than 0.38 nm 
apart. The sudden increase in volume adsorbed shows that there is an increase in 
specific surface area and high aspect ratio of the material due to the presence of 
graphite prismatic planes (Pham-Huu et al., 2006).  
In part B, the monolayer of adsorption takes place in mesopores in a relative 
pressure between 0.04 to 0.40 that follows Type II isotherm. In part C, at relative 
pressure between 0.40 and 1.00 a hysteresis loop as a result of capillarity of 
mesopores and macropores is observed (Yang et al., 2002). Furthermore, a stepped 
isotherm can be observed in desorption curve in Figure 6.70 and adsorption curve in 
Figure 5.69. This reveals that Type VI isotherm could exist where layer-by-layer 
adsorption occurs on a uniform planar graphite surface (Keller et al., 2005; 
Rouquerol et al., 1999). Moreover, such hysteresis indicates that the porous GNFs 
are not in cylindrical form but in a slit-shaped or plate-like form (Lim et al., 2007). 
Basically, the specific BET surface area of developed GNFs varies between 60 
to 290 m2/g. This result is in good agreement with other literatures (Lueking et al., 
2005; Rzepka et al., 2005; van der Lee et al., 2006; Vieira et al., 2004) but the value 
range is lower than those reported by (Blackman et al., 2006; Hong et al., 2006). 
However, it is said that macropores and mesopores are not the effective pores for 
hydrogen storage application (Hong et al., 2007). This is because the effective pore 




Figure 5.69     N2 isotherm at 77 K with adsorption-desorption hysteresis of 4NG. 
 
Figure 5.70     N2 isotherm at 77 K with adsorption-desorption hysteresis of 9FG. 
Figure 5.71 and 5.72 show the effect of reaction time, C2H4/H2 flow rate and 
temperature on the specific BET surface area of samples FG and NG, respectively. 
From the figures, both samples show that temperature is the most influential 
parameter. For samples FG, the optimum temperature to produce large surface area 
is at 600°C. This is true since at 500°C, the formation of herringbone starts to appear 
and continuously form at 600°C but as the temperature exceeds to 700°C,             
thin tubular tubes or multiwall nanotubes (MWNTs) begin to form (McCaldin et al., 
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2006). Although smaller diameters are expected to give greater surface area, but due 
to encapsulations and closed pore tubes, the surface area is less at 700°C.  The other 
two parameters such as reaction time and C2H4/H2 flow rate do not give significant 
effects to the surface area. In general, the surface area increases with the reaction 
time and C2H4 flow rate.  
     
Figure 5.71 The effect of reaction time, C2H4/H2 flow rate and temperature on the 
specific BET surface area of samples FG 
In samples NG, 500°C is the most sufficient temperature in producing high 
surface area. Unlike samples FG, there is no formation of MWNT in samples NG is 
observed not even at highest reaction temperature of 700°C. Hence, the reduction of 
surface area over could be due to the closed graphite edges. In addition, the 
prolonged synthesis of samples NG results in thickening of the GNFs. Thus, larger 
diameter of nanofiber provides lower external surface area. 
The specific BET surface area results of samples LFe as in Figure 5.73 also 
indicate that reaction temperature at 600°C gives the highest surface area of GNF. 
However, temperature is not the most influential factor. Unlike samples FG, the 
most influential factor of maximizing the total surface area of samples LFe is 
C2H4/H2 flow rate. 
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Figure 5.72 The effect of reaction time, C2H4/H2 flow rate and temperature on the 
specific BET surface area of samples NG 
 
Figure 5.73 The effect of reaction time, C2H4/H2 flow rate and temperature on the 
specific BET surface area of samples LFe 
This is because the change of total gas flow rate from 100 ml/min (in preliminary 
experiment) to 500 ml/min (in modified experiment) affects the formation of GNF. 
It is believed that the greater the hydrogen gas flow rate, the more catalyst could be 
reduced thus resulting in the more chances of carbon precipitation to form graphene 
layers. 
The results in samples LNi follow almost the same as the results in samples NG, 
where 500°C is the most sufficient temperature in producing high surface area      
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(Figure 5.74). The higher the temperature the lower the surface area indicating that 
more closed graphite edges are form as the temperature increases. In addition, the 
reaction time also gives a significant effect to the surface area. It is thought that the 
longer the reaction the thicker and larger the nanofiber would be form which then 
gives lower external surface area. 
 
Figure 5.74 The effect of reaction time, C2H4/H2 flow rate and temperature on 
BET surface area of samples LNi 
5.10 Pore size distribution 
Based from N2 adsorption isotherm, the pore size distribution (PSD) for each 
sample is obtained from the density functional theory (DFT) method that is available 
in the Autosorb software supplied by Quantachrome Instruments. The DFT model 
was developed based on a carbon slit-pore model (Matsuoka et al., 2005). Since the 
finite diameter of N2 is about 0.3 nm, the cut off in the pore spectrum should be 
above 0.3 nm. Based on Figures 5.75(a) and (b), there is a wide distribution of pore 
width from 0.3 to 59 nm for samples FG and NG, respectively.  
For each figure it can be seen that there is a sharp increase in intensity below     
14 Å (or 1.4 nm) with pore volume more than 0.01 cc/Å/g followed by a positive 
skew. The highest peak corresponds to the predicted pore width of two graphite 
planes that is the slit pore structure relaxes at a pore spacing of 1.4 nm. The size is 
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doubled than what recommended by Rzepka et. al (Rzepka et al., 2005) that is       
0.7 nm for optimum pore size for hydrogen adsorption. Others recommended that 
the optimum pore size to be 0.6 nm (Jordá-Beneyto et al., 2007). This is due to the 
missing graphene planes (Purewal et al., 2009) or it could be due to corrugated 
nanofiber as discussed earlier.  
 
Figure 5.75 Pore size distributions of samples (a)iron-based GNF; and (b)nickel-
based GNF in preliminary experiment 
The following results of pore size distribution of samples from the modified 





























that the highest peak is around 10 nm. The results are better and closer to the 
optimum pore size for hydrogen adsorption. However, the pore volume is lower than 
the previous result that is 0.007cc/Å/g. Although majority of the pores gives more 




Figure 5.76 Pore size distributions of samples (a)iron-based GNF; and (b)nickel-



























5.11 Comparison studies with developed carbon nanotubes 
As a comparison study, carbon nanotubes (CNTs) were developed using floating 
catalyst chemical vapor deposition (FC-CVD) method. The experimental setup was 
done at Universiti Putra Malaysia (UPM) as part of initial study of developing CNT 
material. The surface and morphology of the developed CNTs were studied using 
transmission electron microscope (TEM), high resolution transmission electron 
microscope (HRTEM), environmental scanning electron microscope (ESEM) and 
variable pressure scanning electron microscope (VPSEM). From the images 
obtained, the size distribution of the CNTs diameter could also be calculated. For 
crystallographic study and composition information, x-ray diffraction (XRD) 
analysis was done while Raman spectroscopy was applied for spectroscopic study 
that was to determine the degree of graphitization and the relative value of 
amorphous carbon to graphite carbon. Further characterizations were done using 
surface area analyzer to determine the BET specific surface area and 
ultrapycnometer to determine true density of the developed CNT material. 
5.11.1 Homogeneous process in carbon nanotubes 
The synthesis of CNTs involved a homogeneous process where all reactants took 
place in a gaseous state. The process required two stages of furnace. The first 
furnace was used to vaporize the catalyst while the second furnace was where the 
formation of CNTs took place. Initially, the temperature of the reactor at the second 
furnace was heated up at 850°C. As soon as the temperature reached equilibrium, 
the catalyst (ferrocene) in the first stage of the furnace was vaporized at 180°C. 
Then, Argon gas (Ar) that flowed continuously from the first stage to the second 
stage of furnace, forced the vaporized catalyst to be transferred to the second 
furnace. The reaction started to occur when hydrogen gas (H2) together with benzene 
vapor (C6H6) entered to the second stage of a furnace system.  
During the reaction, ferrocene catalyst underwent thermal decomposition to 
become iron carbide (Fe3C) (Goldberg et al., 2006; Stamatin et al., 2007). Fe3C 
nanoparticles drive the nucleation and growth of CNTs. As a result, thermal 
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decomposition of one molecule of benzene yields six atoms of carbon. The reaction 
can be expressed as: 
2
Fe
266 4H6CHHC +⎯→⎯+                                    (5.10) 
The higher the gas velocity, the more hydrogen gas is presented in a certain time. 
The presence of hydrogen could promote more formation of carbon since it has the 
ability to convert inactive metal carbides into catalytically active metallic state as 
well as preventing the formation of graphitic overlayers on the particle surface 
(Atieh Hussien, 2005). It is observed that most of the developed CNTs and the by-
product that is amorphous carbon were descended on the ceramic boats that were 
placed along the tube reactor. On top of that, some carbon deposits were developed 
on the wall of the tube reactor. 
5.11.2 Growth mechanism 
The growth mechanism of CNTs is based on the tip-growth mechanism as described 
in Chapter 2. This is because the catalyst is floating in the system without any 
present of support or substrate. The reaction starts when the hydrocarbon i.e. the 
benzene molecules decompose and diffuse onto the surface of the metal catalyst 
particle. Then the molecules dissolve into the catalyst interior and form metal-
carbon solid state solution which in this case is iron carbide (Fe3C). When the 
solution becomes supersaturated that is when the carbon concentration reaches the 
solubility limit, the precipitation of carbon shells starts to occur and forms a 
crystalline tubular shape.  
Carbon concentration gradient is believed to act as the driving force for the 
diffusion process (Pérez-Cabero et al., 2004). The carbon precipitation consists of 
graphite plates, which are aligned in a direction parallel to the fiber axis. The central 
region of the graphite plates is hollow, which results in the identity of CNT. As 
proposed by (Müller et al., 2009), the layer-by-layer growth on the as grown 
innermost tube shells occur due to periodic shape fluctuation induced by changes of 
carbon concentration within the catalyst particle. Sometimes, the growing process of 
the carbon filaments can be blocked by encapsulation of the metal particles. 
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Therefore, the rate of reaction can be decreased or even stop due to deactivation of 
the catalyst (Pérez-Cabero et al., 2004). The size of CNT is determined by the size 
of the metal catalyst particle. Since benzene is an unsaturated carbon gas, the result 
of CNTs is found to be multiwall nanotubes or MWNTs (Teo et al., 2003).  
5.11.3 The reaction yield 
Table 5.7 depicts the approximation value of CNTs reaction yield. The exact value 
could not be determined since some of the catalysts were believed had been escaped 
through the exit of the reactor. The highest yield is obtained at sample 6R that is 
2.817 g/(gcat⋅hr) followed by samples 9R and 1R that are 2.726 and 2.2.89 g/(gcat⋅hr), 
respectively. For yield based on increased in mass (%), sample 9R has the highest 
yield that is 190.8%. Both samples have the highest hydrogen flow rate during the 
reaction.  













g/(gcatalyst⋅hr) Mass (%) 
1R 30 100 0.2 2.726 ± 0.433 136.3 
2R 30 200 0.3 1.412 ± 0.152 70.6 
3R 30 300 0.4 1.060 ± 0.171 53.0 
4R 40 100 0.3 1.610 ± 0.205 107.3 
5R 40 200 0.4 1.858 ± 0.270 123.9 
6R 40 300 0.2 2.817 ± 0.201 187.8 
7R 50 100 0.4 0.999 ± 0.107 83.3 
8R 50 200 0.2 0.584 ± 0.020 48.7 
9R 50 300 0.3 2.289 ± 0.277 190.8 
This indicates that hydrogen flow rate plays an important part in synthesizing 
CNTs since hydrogen gas is responsible in carrying benzene as the carbon source to 
the reactor. In other words, the greater the hydrogen flow rate, more benzene could 
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be transferred to the reactor hence more CNTs could be produced. The least reaction 
yield is found in Sample 8R that is 0.584 g/(gcat⋅hr). Although the hydrogen flow rate 
is not at the minimum value and the reaction time is at the maximum value, but the 
amount of the catalyst, which is at a minimum value of 0.2 g is thought to influence 
the production of CNTs. The gas analysis at the outlet tube reactor was not carried 
out since the study would only focus on the mass of the product in the reactor. 
5.11.4 X-ray diffraction study 
Based on XRD pattern, all samples exhibit a similar peak at 2θ=26.24° with 
intensity of graphite (0 0 2) which signifies high crystallization carbon structure. 
Other peaks are found at 42.2, 54.0 and 77.1 degrees (2θ) that indicate the structure 
of MWNTs    (T. M. Keller et al., 2007). On top of that other peaks due to catalyst 
remnants such as iron (Fe) peaks (1 1 0) and (2 0 0) and several small peaks of iron 
carbide (Fe3C) are detected as in Figure 5.77.  
 
Figure 5.77     Diffraction line of (0 0 2) corresponds to the graphite crystallite 
Fe3C which is detected as orthorhombic structure is an intermediate catalyst that 
exists during the transition of Fe(C5H5)2 to Fe. The Miller indices of (0 0 2) occurs at 
around 2θ of 26.3°.  This particular angle corresponds to the interplanar spacing of 






































































































graphite. From the XRD analysis, all samples have the turbostratic structure since 
the interplanar spacing of d002 of each sample is more than 0.335 nm (refer to Table 
C-5 in Appendix C). 
5.11.5 Raman spectroscopy study 
Basically, Raman modes in CNTs consist of Radial Breathing Modes (RBM) which 
occur between 100–300 cm-1, G band (tangential) at 1580-1600 cm-1, D band 
(disorder induced) at 1300–1400 cm-1, and G’ band at 2600–2800 cm-1 (Hartman et 
al., 2004). D band originates from double resonant Raman scattering from defects 
while the origin of the G’ band is double scattering, like the D band, but here both 
scatterings are due to phonons. Hence, the G’ peak is present regardless of any 
defect in the system. The RBMs are responsible for out-of-plane atomic vibrations 
while the in-plane vibrations produce the G band.  
In the experimental results of CNTs, the Raman spectra can be seen in       
Figure 5.78 where the band at 1582 cm-1
 
is assigned to the C=C stretching vibrations 
with sp2 bonding which is referred to the G-mode (first-order Raman). This is due to 
the in-plane displacement of carbon atoms in hexagonal sheets and it correlates with 
the XRD diffraction line (0 0 2) (Jawhari et al., 1995; Reshetenko et al., 2004; 
Reshetenko et al., 2004). The band at 1350 cm-1
 
symbolizes the defective structure 
that is D band with sp3 bonding. During the characterization, the excited electron 
will experience double scattering from a phonon and a defect, and, therefore, by 
increasing the number of sp3 bonds in graphite sheet the intensity of the D band will 
increase. In other words, the D band is due to highly sensitive to structural disorder 
within graphite planes (Reshetenko et al., 2003). In addition, it is suggested that the 
disorder could be due to the defects of curved graphene sheets, tube ends and 
surviving impurities (Ebbesen, 1997). The intensity of D peak (ID) relative to the 
intensity of G peak (IG) varies inversely with crystal planar domain size (Ebbesen, 
1997). Thus, the degree of graphitization can be estimated from the intensity ratio of 
IG/(ID+IG) (Ting et al., 2006). The higher the ratio, the higher the degree of 
graphitization. For example in Figure 5.78, G band in sample 5R is higher than D 
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band as compare with the band in sample 1R. In other words, the degree of 
graphitization of sample 5R is greater than that of sample 1R. Furthermore, the 
relative value of amorphous carbon over graphite component can be calculated from 
the integrated intensity ratio of 1500 cm-1/1585 cm-1 (Li et al., 2005). RBM modes 
usually appear in SWNTs (Jorio et al., 2003) and they are too weak to be observed 
in MWNTs.  
 
Figure 5.78     The G band of Raman spectra in sample 5R has more intensity that      
D band as compared with sample 1R 
The degree of graphitization and the relative value of amorphous carbon to 
graphite carbon for all CNT samples are listed in Table 5.8. The results are in good 
agreement with each other where at a high degree of graphitization (more than 0.6), 
a low relative value of amorphous carbon to graphite carbon is obtained (less than 
0.24). In addition, it is found that when more catalyst is used, the degree of 
graphitization is less. This is because an excess of catalyst creates more tube 
encapsulations and tube ends. These phenomena are observed in during the imaging 
of TEM which would be discussed in the upcoming section. The estimation of 
degree of graphitization and relative value of amorphous carbon to graphite carbon 
for developed from the Raman spectroscopy analysis is an alternative way to 
determine the purity of a sample which is conventionally determined by thermo 
gravimetric analyzer (TGA).  
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1R 5.602 9.383 17.725 0.316 0.654 
2R 4.423 3.916 8.299 0.533 0.679 
3R 5.433 6.268 8.557 0.635 0.577 
4R 15.273 16.674 25.344 0.603 0.603 
5R 7.357 11.442 28.563 0.258 0.714 
6R 3.100 5.135 9.042 0.343 0.638 
7R 3.466 3.854 7.762 0.447 0.668 
8R 5.051 6.885 20.662 0.244 0.750 
9R 13.712 15.487 16.475 0.832 0.515 
5.11.6 TEM analysis 
High resolution transmission electron microscopy (HRTEM) analysis was done to 
confirm that formation of multiwall nanotubes (MWNT) as in Figure 5.79(a). 
 
Figure 5.79     HRTEM images of (a)good crystallization of MWNT with thickness 
wall 5 nm in sample 6R; and (b)internal tube defect of MWNT in sample 1R as 




As expected some samples have tube defect like sample 1R which has unsmooth 
inner tube walls as in Figure 5.79(b) compared with sample 6R. In Figure 5.80(a), it 
can be seen that majority of MWNTs are in the form of long cylindrical shapes at 
different sizes.  
 
Figure 5.80     MWNTs with (a)varies sizes of long tubes; (b)spring shape; 
(c)regular helical shape; and (d)coiled shape tubes. 
However, few of them, which are the by-products are in the form of spring, 





respectively. The thickness of the tube walls are also varies. Some MWNTs has thin 
hollow core while the others have thick hollow core (refer to Figure 5.81). This is 
due to different particle size of catalyst which resulted in different inner diameter of 
MWNTs. In addition, an onion like nanostructures or carbon nano-onions (CNOs) 
are also formed as in Figure 5.82. 
 
Figure 5.81     Comparison between thin hollow core with many multiwalls (A) and 
thick hollow core with few multiwalls (B). 
 






The tip growth of CNT can be seen in Figure 5.83 where two tubes grow on the 
surface of the catalyst particle in the opposite direction. The dark areas or spots are 
the catalyst particles while the inset shows the catalyst particle as if it remains 
trapped in the tube. Another special feature in HRTEM image can be seen in Figure 
5.84. The inset image reveals the Fast Fourier Transform (FFT) view of an MWNT 
image. The FFT view gives rise to sharp spots in the resulting diffraction pattern. 
 
Figure 5.83     A HRTEM image shows the occurrence of several catalyst inclusions 
(dark area) in the CNT and the inset magnifies the catalyst confined in the tube. 
 





The outer diameter of the MWNTs was determined from the TEM and HRTEM 
images. The images were taken at various different locations. An average of           
70 numbers of tubes was taken for each sample to measure the diameter size of the 
tubes. Based on Figure 5.85 to 5.87, it is found that majority of nanotubes diameter 
is between 50-100 nm (Samples 1R, 2R, 3R, 8R and 9R).  But there are also some 
samples like Sample 4R and 6R that have most of the nanotubes with a diameter 
range between 100-150 nm while Samples 3R, 6R and 7R have most of the 
nanotubes with a diameter range between 150-200 nm. Not many samples have 
nanotubes diameter greater than 250 nm except Samples 6R and none of them has a 
diameter size less than 50 nm.  
From Figure 5.85, it can be seen that for the first three samples (Samples 1R, 2R 
and 3R) at reaction time of 30 minutes, the majority outer diameter of nanotubes is 
in the range of 100-200 nm. The tube diameter gets bigger since the agglomeration 
of catalyst particles occurred due to high reaction temperature. When the reaction is 
prolonged, more catalyst particle agglomerated which resulted in bigger size of the 
nanotubes (more than 150 nm) as in Samples 5R and 6R. However, in the case of 
Sample 4R, the outer diameter range is less than 150 nm. This could probably due to 
insufficient hydrogen which flowed at the minimum rate. For the last three samples 
(7R, 8R and 9R), the average outer diameter is in range between 90 to 150 nm.  The 
nanotube diameter range is larger than that of (Atieh Hussien, 2005)  which was less 
than 50 nm. This is because in this study, the catalyst vaporized at a higher 






























































30 min, 100 ml/min, 0.2 g 
















30 min, 200 ml/min, 0.3 g 






















30 min, 300 ml/min, 0.4 g 





































































































es (d) Sample 4R40 min, 100 ml/min, 0.3 g 
















































































































































40 min, 200 ml/min, 0.4 g 





















40 min, 300 ml/min, 0.2 g 



















50 min, 100 ml/min, 0.4 g 



































































































50 min, 200 ml/min, 0.2g 


























































50 min, 300 ml/min, 0.3 g 




5.11.7 SEM analysis 
SEM surface morphologies revealed that at different reaction conditions resulting 
different morphology of CNT produced. By referring to Figure 5.88 and 5.89, some 
synthesized MWNTs show good crystallization and uniform tube diameters while 
the others developed carbon nanoparticles and amorphous carbons look like spongy, 
cotton-like material.  
 
Figure 5.88     SEM images of Sample 1R to 6R at a magnification of 10000X. 
Sample 1R Sample 2R 
Sample 3R Sample 4R 
Sample 5R Sample 6R 
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For fair comparison all SEM images are displayed in a standard magnification that is 
10000X. From Figure 5.88, it can be seen that at magnification of 10000X samples 
1R, 2R, 4R and 6R have nanotubes smaller than Samples 3R and 5R. This is in good 
agreement with the results of outer diameter of carbon nanotubes distribution.  In 
Figure 5.89, most nantotubes in Samples 8R and 9R have smaller in diameter size 
than that of Sample 7R. 
 






As an overall, most samples exhibit high quality of CNTs with good 
crystallization tubular structure with little carbon nanoparticles and amorphous 
carbon are formed elsewhere. However, only few of nanotubes are open tubes as 
most of them are close tubes due to tube encapsulation. Thus, the specific BET 
surface area is predicted to be low. The detail of the specific BET surface area of 
CNTs is discussed in the following section of nitrogen adsorption study. 
5.11.8 Nitrogen adsorption study 
The specific BET surface area was determined by adsorption of N2 gas at 77 K onto 
the sample. The results are shown in Table C-4 in Appendix C where the highest 
specific BET surface area is in Sample 2R that is 100.13 m2/g. Although the value is 
lower than that of SWNT (Ansón et al., 2004; Luxembourg et al., 2003; Nishimiya 
et al., 2002) but this value is greater than several MWNTs which have been reported 
earlier (Bacsa et al., 2002; Jordá-Beneyto et al., 2007; Shaijumon et al., 2005). The 
surface area usually depends on the diameter of the tube and the nature of the tube 
diameter. It is thought that the smaller the tube diameter, the greater the surface area 
is since more CNTs could be packed in per gram sample. However, the nature of the 
tube plays an important role as well. If there are more closed tubes than the open 
tubes, thus lower surface area is expected since N2 could not purge into the tubes. 
The closed tubes are usually happened due to tube encapsulation, which is a natural 
phenomenon in CNT synthesis. 
An example of N2 isotherm and the adsorption-desorption hysteresis of 
adsorbent is sample 2R as shown in Figure 5.90 that is volume adsorbed (cm3/g) 
versus relative pressure. In general, the curve can be divided into three parts: A, B, 
and C. In part A, the isotherm follows Type I where initially at low pressure       
(P/P° = 0.04) the amount adsorbed increases rapidly. This situation indicates that 
there is an existence of micropores with diameter less than 2 nm. The N2 with 
kinetic molecular at 0.368 nm fills up the pores which are basically the graphene 
spacings (d002 spacings) that is more than 0.38 nm.  
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Part B corresponds to a surface adsorption process where the adsorption process 
is slower as compared with the previous part. This involves a monolayer of 
adsorption in a relative pressure between 0.04 to 0.45.  Finally, at high relative 
pressure between 0.44 and 1.00 in part C shows a hysteresis loop as a result of 
capillarity of mesopores. Overall, MWNTs have a mixture of micropores, mesopores 
and macropores surface which results in different isotherm curve. In addition they 
also have adsorption sites such as external surface of the tubes that have different 
surface energies. 
 
Figure 5.90     Isotherm curve of N2 adsorption onto CNT sample at 77 K 
Taguchi method is essential in optimizing the reaction conditions. From Figure 
5.91 for BET specific surface area shows that the longer the reaction time, the lower 
the surface area of the CNT synthesized. The reason could be due to the presence of 
amorphous carbon could have been developed as the reaction prolonged. The other 
two parameters also influence the surface area. H2 flowrate influences the degree of 
graphitization which then gives an impact to the surface area of the CNTs. However, 
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the catalyst curve indicates that excess in catalyst contributes in more encapsulation 
which then leads to minimum surface area of CNT. 
 
Figure 5.91     The effect of reaction time, hydrogen flow rate and amount of 
catalyst on the specific BET surface area 
5.12 Summary 
The development of catalysts and GNFs in preliminary and modified experiments as 
well as the development of CNTs as a comparison studies can be summarized in as 
below: 
5.12.1 Synthesis of catalyst for GNF development 
Calcination temperature is the most influential factor that affects the catalyst crystal 
size. As for the Fe2O3 catalyst yield, calcination temperature is the most influential 
parameter because at the beginning of calcination of 300°C, the catalyst was not 
fully developed but as the temperature increases more Fe2O3 was produced. For NiO 
catalyst yield, the amount of salt precursor is the most influential factors that affect 
the yield of because the more salt had been used, the more catalyst was produced. 
But for Fe2O3 was not the case since some irons had been lost during the filtration 
process. By considering both crystal size and the XRD diffraction peaks, the 
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400°C, reaction time of 4 hour and salt weight of 7 g. These conditions were applied 
to synthesize both Fe2O3 and NiO catalyst for GNF development. 
5.12.2 Synthesis of GNF in preliminary experiment 
Temperature is the most influential parameter to produce highest yield for both FG 
and NG samples is 600°C. Other controlled parameters are not so significant except 
for CH4/H2 flow rate in samples NG synthesis where the maximum flow ratio 
(90/10) provides the highest yield in the reaction. The optimum parameters to 
produce highest yield of FG samples are at 3 hours of reaction time, 10/90 ml/min of 
C2H4/H2 flow and 600°C of reaction temperature resulting a yield of                   
15.66 g/(gcat⋅hr). For NG samples, the optimum parameters are 4 hours of reaction 
time, 90/10 ml/min of C2H4/H2 flow and 600°C of reaction temperature resulting a 
yield of 30.53 g/(gcat⋅hr). Most of the samples have a diameter range between       
100–200 nm while a few have average size less than 100 nm and more than 200 nm. 
These results are comparable with several researchers who also obtained nanofiber 
diameter size more than 100 nm (Kayiran et al., 2003; Marella et al., 2006; Pham-
Huu et al., 2006; Takehira et al., 2005). The specific BET surface area of developed 
GNFs varies between 60–290 m2/g. Again, reaction temperature is the most 
influential parameter in the specific BET surface area Both samples’ groups show 
that the temperature is the most influential parameter. For samples FG, the optimum 
temperature to produce large surface area is at 600°C while samples NG indicate 
500°C as the most optimum temperature. 
5.12.1 Synthesis of GNF in modified experiment 
Similar with samples FG, reaction temperature is the most influential parameter in 
synthesis of samples LFe. However, the optimum temperature for samples LFe is 
700°C and not 600°C as in samples FG. On the other hand, reaction yield in samples 
LNi show similar tend with that of samples NG where 600°C is the most optimum 
temperature to produce highest yield. With respect to their samples’ group, L7Fe and 
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L2Ni give the highest yields that are 12.06 and 77.61 g/(gcat.hr), respectively. These 
values are higher than that of the preliminary experiments with the increment of 
593.7% and 155.9%, respectively.  
The modified experiment has improved the yield and decreased the reaction time 
from 3-4 hours to 2 hours. For iron-based GNF, the temperature was increased by 
100°C in order to have better yield. The C2H4/H2 flow rate values were different 
than the preliminary one since the dimension or the volume of the tube reactor is not 
similar. The ratio of C2H4/H2 flow in iron-based GNF synthesis is the same that is 
1:9. but for nickel-based GNF synthesis, the C2H4/H2 flow ratio was reduced from 
9:1 to 2.3:1. Basically, the modified experiment has been achieved since it has 
increased the reaction yield and reduced the reaction time for both iron- and nickel-
based GNFs, The reaction temperature for nickel-based GNF and the C2H4/H2 flow 
in iron-based GNF are maintained.  
A comparison of reaction yield among other researchers’ works using similar 
technique that is CVD is depicted in Table 5.9. For standardization, the yield is 
calculated based on mass of carbon produced (gC) per mass of catalyst used             
(gcat) per hour. Based from the table, it can be seen that the nickel-based GNF that is 
L2Ni has the highest yield among other GNF reaction yields which used nickel 
catalyst with support. This means that without using catalyst support or even using 
bimetallic catalyst, the GNF yields can be obtained as high as 154.21 gC/gcat                   
(or 77.61 g/(gcat⋅hr)).  
Table 5.9     Comparison studies of GNF yield 









Sufian, S. (2009) Unsupported NiO C2H4 600 2 154.21 




C2H4 500 1 78.8 
Pham-Huu, C. 
et. al. (2006) 
Ni supported by graphite 
microfibers 
C2H6 680 1 50.00 
Marella, M. et. 
al. (2006) 
Unsupported bimetallic Fe-Cu C2H4 600 0.5 1.19 
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However, for the future work, the confirmation run cab be done using optimum 
parameters suggested by Taguchi model (Qualitek-4 software) and see whether it is 
comparable with the optimum yield obtained from the experiment. 
The diameter range of the developed samples is between 100–200 nm. Closed (J. 
U. Keller et al., 2005) observation found that the higher the reaction temperature, the 
greater the diameter of the nanofibers. The range of surface area found for each 
sample group is similar with that of samples in preliminary experiment. However, 
unlike FG samples, the most influential factor of maximizing the total surface area 
of samples LFe is C2H4/H2 flow rate. For samples LNi, temperature 500°C is still the 
most optimum temperature to obtain large surface area. 
5.12.2 Synthesis of CNTs 
The optimum conditions to produce the highest yield of CNTs are at reaction time at 
40 minutes, H2 flow rate of 300 ml/min and the catalyst weight of 0.3 g. For such 
conditions, the CNT yield is 2.778 g/(gcat⋅hr). The reaction yield increases with time 
but after 50 minutes reaction time the yield starts decreasing. This is due to more 
formation of soots and amorphous carbon at longer reaction time. The average 
diameter size of CNTs varies from 90 to 210 nm depending on the conditions of the 
experiment. Similar observations were found in (Branca et al., 2004; Hou et al., 
2003; Lee et al., 2001) where the nanotubes diameter size were more than 100 nm. 
The longer the reaction time and the higher the H2 flow rate, the bigger the CNT 
diameter. The specific BET surface area is highly depending on the nature of the 
nanotubes that is either open pore or closed tube. From the BET measurement, the 
specific surface area is obtained is low that is between 51-121 m2/g. The average 
true density of developed CNT is 2.6 g/cm3. The value is slightly higher than the 
purified commercial (2.1 g/cm3) one since for the as-synthesized developed CNTs, 
there are some catalysts still trapped in the tubes due to the encapsulation. The true 
density of the developed CNTs can be found in Table C-4 in Appendix C. 
Based from the CNT synthesis experiment, there are several disadvantages using 
FC-CVD that need to be highlighted. One of them is that the formation of CNT and 
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other amorphous carbon were found along the tube reactor, not just on the ceramic 
boat (as the CNT collectors) but also on the wall surface of the tube. Thus, it is hard 
to retrieve the CNT products due to their unlocalized presence and can be 
contaminated easily. The next drawback is that when the catalyst particles were 
vaporized and carried over to the next stage of furnace, some of them escaped to the 
exit of the tube without undergoing any reaction. Such situation is hard to control 
unless the hydrogen flow rate is reduced but this would reduced the amount of 
benzene (carbon source) carried along. Another issue concerning the CNT synthesis 
is that there are many closed tube or tube encapsulation occurred which result in low 
surface area.  
 
 
 
 
  
